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Engineering Geology for a Sustainable World as the theme for 2018. Based on the topical
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Volume 6: Advances in Engineering Geology: Education, Soil and Rock Properties, Modeling

Participants of this joint meeting had the option to submit either a full paper or only an
abstract. The editors would like to thank the authors for their valuable contributions. One
hundred eighty-six full papers were submitted for review, and 153 papers successfully com-
pleted the process. Each paper submitted for the proceedings was peer-reviewed by two
reviewers. Authors revised their papers in accordance with reviewers’ comments. The
reviewers, from across the globe, included professional experts as well as authors of other
papers. The editors greatly appreciate the help provided by reviewers. A list of reviewers
follows.
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Clark Fenton, Natalie Hyland, and Blake Hoare

Abstract

Engineered structures crossing active faults are vulnerable
to damage during surface faulting earthquakes. The design
and location of mitigation measures to counteract fault
rupture requires detailed knowledge of the location of the
active fault traces, fault geometry, including the width of
the fault zone at the surface, and the distribution of strain
within the fault zone. The current understanding of fault
geometry and displacement profiles is based on predom-
inantly subsurface data through essentially isotropic
ground conditions. Although empirical relationships
among fault parameters, such as rupture length, earthquake
magnitude and average or maximum displacement, can be
used to characterize potential surface rupture hazard for an
entire fault zone, the behavior of a fault at a specific
location, as is required for engineering design, can be
harder to forecast. For hazard planning and front-end
engineering design, rupture zonation is a useful approach.
To produce meaningful fault rupture zonation maps
requires an integration of data on tectonic geomorphology,
paleoseismology, and both crustal and near-surface fault
geometry. The results of detailed surface rupture mapping,
LiDAR image interpretation and shallow geophysical
investigations following the 2016 Kaikdura earthquake are
used to highlight some of the problems in determining
potential fault rupture hazard zones. Existing zonation
approaches are evaluated in light of this complex,
multi-fault rupture. Rather than define narrow prescriptive
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fault avoidance zones, a better approach is to develop a
broader zonation that highlight areas where there is the
need for detailed fault rupture mitigation studies to be
performed for all significant developments.

1 Introduction

The 14th November 2016 M 7.8 Kaikoura earthquake pro-
vides a reminder of the potential dangers of surface fault
ruptures. Fortunately, most ruptures occurred on farm land or
sparsely populated areas causing little property damage and
remarkably few casualties for an earthquake of this magni-
tude. The earthquake ruptured at least 17 faults for a distance
of ~ 180 km across the New Zealand plate boundary zone in
the northern South Island (Fig. 1). The faults that ruptured
comprise two main sets that strike E-NE and NNW-NNE,
both with mainly steep dips (> 60°). The more northerly
striking faults were mostly unknown prior to the earthquake
and accommodated predominantly left-lateral reverse slip
(Leader and Stone Jug faults with net slip of <4 and <1 m,
respectively). The E-NE striking faults (The Humps and
Conway-Charwell faults with net slip of <4 and <2 m,
respectively) are parallel to the primary plate boundary
structures and accommodated right-lateral to oblique reverse
slip. Intersection of the main fault sets resulted in significant
rupture complexity, the northeast transfer of slip, and
northward propagation of the earthquake. Fault slip is dom-
inantly oblique and accommodates regional right-lateral
transpression consistent with the regional 6y ~ 120°, the
~260° trending relative plate motion vector, and observed
Quaternary bedrock deformation.

Like a number of recent surface rupturing earthquakes
(e.g., 1992 Landers, 1999 Hector Mine, 2008 Wenchuan),
the involvement of a number of fault structures, has led to a
significant degree of complexity in the surface deformation
zone (Figs. 1 and 2).

San Francisco, California, 2018—Volume 5, https://doi.org/10.1007/978-3-319-93136-4_1
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Fig. 1 Top: Fault rupture from
the 2016 Kaikoura earthquake.
Faults with both primary and
secondary surface deformation
shown in red. Other active faults
shown in black. NCD: North
Canterbury Domain; MFS:
Marlborough Fault System.
Bottom: Detail of the fault rupture
in the epicentral region
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Surface Rupture Hazard Zonation: Lessons from Recent ...

Fig. 2 Examples of differing
styles of surface deformation
along the Kaikdura earthquake
surface rupture in the epicentral
region and across the North
Canterbury Domain. a Fault scarp
enhanced by lateral spreading at
Leslie Hills Road, Emu Plain.

b Graben formed at a releasing
bend at Hossack Downs. ¢ Broad
releasing bend at Glenbourne.

d A normal fault scarp above a
blind thrust fault, Woodchester
Station. e Thrust fault scarp and
fault bend warp with extensional
cracking in the hanging wall,
Woodchester Station. f A 4 m
high warp and thrust fault scarp
on Mount Stewart. g Secondary
extensional faulting in the
hanging wall of a thrust fault
section, Mendip Station.

h Right-lateral strike-slip and
extensional dip-slip displacement
at the western end of the
Conway-Charwell fault, Conway
Downs

It is not uncommon for surface faulting to occur on
previously unrecognized structures (e.g., the Greendale fault
in the 2010 Darfield earthquake; Villamor et al. 2012). This
is often a function of low slip rates and high erosion and/or
deposition rates (Fenton et al. 1999).

Blind structures can also cause significant surface defor-
mation, akin to surface rupture, even without primary
rupture/surface rupture of the causative structure (e.g., the

1980 ElI Asnam earthquake). This is displayed spectacularly
along the South Leader section of the Kaikdura surface
rupture. Here the 3.5 m high Waiau Wall represents
secondary normal dip-slip deformation in the hanging wall
of a blind, west-dipping reverse fault (Fig. 2d).

Better post event investigative techniques, especially
LiDAR, allows greater resolution of surface deformation and
faster data acquisition, allowing even minor fault details to
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(a) 173160 173°16'30'E

(b) 172°5630°€

Fig. 3 Postevent LIDAR imagery showing fault complexity at Conway
Downs (Top) and Emu Plain (Bottom). See Fig. 1 for locations. Both
locations show the fault complexity encountered at fault bends and step

be captured before they are obscured by other surface pro-
cesses (Fig. 3). Differential LiIDAR, InSAR, improved seis-
motectonic models, and high precision earthquake location
allow the rapid development of a detailed regional seismo-
tectonic framework within which predictive models of fault
propagation and rupture style can direct field-based inves-
tigation. As part of field investigations, the introduction of
high precision hand-held geodesy (RTK) allows the rapid
determination of detailed strain profiles across complex fault
rupture zones (Fig. 3). The combination of better inves-
tigative techniques and rapid post-earthquake field deploy-
ment affords us a much more detailed picture of surface
faulting than was previously possible.

2 Existing Approaches to Fault Zonation

In New Zealand, current hazard mitigation efforts require a
fault avoidance zone (FAZ) to be established within which
new construction is regulated (Kerr et al. 2003). The FAZ is
delineated using a 20 m setback distance from a recognized

42°26'30"S 173°17'0"E

over zones. The red lines show the fault traces mapped in the field. At
Conway Downs the LiDAR image clearly shows other geomorpholog-
icaly-recent fault traces that were not involved in the 2016 surface rupture

active fault or fault zone. In contrast California’s
Alquist-Priolo Earthquake Fault Zoning Act (AP Act)
requires an earthquake fault zone (EFZ) up to 400 m wide to
be established around a potentially hazardous fault. Within
the EFZ subsurface investigation is required at each new
development site to determine if the site is underlain by an
active fault (one which shows evidence of Holocene dis-
placement along a portion of its length). Structures for
human occupancy are prohibited from being placed across
an active fault and, unless the trench proves otherwise,
a 15 m (50 foot) setback distance is enforced around the
active fault based on the assumption that active branches are
present within this distance (Bryant 2010). Trench investi-
gations are not required outside an EFZ, making it possible
for a structure to be placed over or near an active fault if the
fault lies outside of an established EFZ. The limitations of
this approach were highlighted by the 1992 Landers Earth-
quake, in which 45% of surface ruptures occurred outside
EFZs (Hart et al. 1993).

New Zealand’s Ministry for the Environment (ME)
Guidelines define three parameters which can be used to take
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a risk based approach to hazard assessment—fault
recurrence interval, fault complexity, and building impor-
tance. Each parameter is divided into several classes. This
allows buildings of a low importance class (e.g., farm
buildings) to be placed adjacent to faults of a shorter return
interval, while prohibiting critical infrastructure, such as
hospitals, from being placed adjacent to the same fault.
Unlike the AP Act, the avoidance zone (usually 20 m) is
established in advance and no further investigation is
required.

Little evidence is cited by either the AP Act or ME
Guidelines in support of their stated setback distances. Two
questions must therefore be addressed. Is this distance ade-
quate to avoid all surface deformation? Can the width of the
deformation zone (WDZ) around a surface fault rupture be
anticipated accurately? If so, setback distances and EFZs can
be designed to be more or less conservative as required, thus
reducing the risk of ground deformations occurring outside
of established avoidance zones.

The AP Act and ME Guidelines only require active faults
to be zoned. The AP Act considers a fault active if it displays
evidence of Holocene displacement. The ME Guidelines
define six fault classes based on recurrence intervals ranging
from <2000 years to < 125,000 years. This raises several
further questions. What is the most appropriate definition of
an active fault considering the tectonic setting of New
Zealand? How best to assess the activity of a fault given an
imperfect geologic record? How best to identify and define a
fault in the first place? Should a minor fault with a few
centimeters of offset be treated the same as one with several
meters of offset?

By not allowing any hazard mitigation measures other
than avoidance, the AP Act and ME Guidelines potentially
limit the amount of land available for development. Allow-
ing engineering mitigation of minor faults on which there is
little displacement or of broad shear zones where discrete
ruptures are not expected may be economically beneficial.

3 Geological Controls on Surface Rupture

Ideally FAZs should be established using measurable geo-
logical criteria to predict the width of the deformation zone
surrounding surface fault ruptures, rather than using a
pre-determined setback distance. There are six principal
factors controlling the general characteristics and rupture
path of surface faulting: (1) sense of fault movement
(dip-slip or strike-slip); (2) geometry of the fault plane;
(3) amount of fault displacement; (4) depth of overlying
earth materials; (5) nature of overlying earth materials;
(6) definition of the fault (recently developed or established).
The effects of these factors are described herein to better
understand the nature of surface faulting, aid our ability to

predict the distribution of surface deformations, and assess
the appropriateness of hazard zoning. The majority of sur-
face fault offset is typically accommodated on a central
rupture zone in the order of one to tens of meters width, with
secondary off-fault deformations spanning hundreds of
meters to over a kilometer. Distributed, off fault deformation
may account for a significant portion of the total displace-
ment. Fault ruptures are diverse in nature and may exhibit
discrete offsets on fractures or scarps, complex en echelon
arrays, or broad, distributed shear zones.

3.1 Fault Geometry

Fault geometry is a fundamental factor in controlling surface
fault rupture morphology. Each principle fault type
(strike-slip, normal, and reverse) creates a different surface
expression which needs to be recognized in order to estab-
lish effective FAZs.

There is a positive correlation between structural com-
plexity and the magnitude and width of off-fault deformation
(Boncio et al. 2012). In the 1992 Landers earthquake,
off-fault displacement commonly reached over several hun-
dred meters in step overs, kinks and fault bends (Milliner
et al. 2015). Similar behavior is observed in the Kaikoura
rupture. The greatest displacements occurred on structurally
simple single-stranded sections of the fault. Slip on indi-
vidual faults decreased in complex zones, as the total dis-
placement was spread over multiple structures. Therefore it
would be wise to employ very conservative FAZs around
geometric complexities such as step overs where the surface
damage zone is observed to broaden markedly.

Analysis of earthquakes worldwide shows ruptures do not
propagate through step overs or discontinuities >3-4 km and
below this distance ruptures are arrested only 40% of the
time (Wesnousky 2008). Furthermore, earthquakes in which
fault slip decreases abruptly towards a step over commonly
re-nucleate on adjacent segments (Elliot et al. 2009). Thus, it
may be prudent to consider faults that are within <3—4 km of
active fault on which displacement decreases abruptly to be
zoned as active.

3.2 Damage Zone

In many faults the damage zone is asymmetric. The hanging
wall of dip-slip faults usually experience a wider and more
severe deformation zone than the foot wall. Following the
2008 Wenchuan, China earthquake, authorities introduced
an asymmetric FAZ around the causative fault which was
three times wider on the hanging wall than the foot wall
(Yongshuang et al. 2013). Reverse faults typically show
less offset at the surface than normal faults of similar



displacement in comparable near-surface materials. In
addition, surface offset increases with dip (Lade et al. 1984).
A shallower dipping fault generally produces a wider rupture
zone (Fenton 2001).

3.3 Near-Surface Material

Thick deposits of loose soil (e.g., alluvium) produce wide
deformation zones, either as warping, broad en echelon
arrays or multiple fault strands. In such materials, new sur-
face ruptures may manifest over a wide zone as high angle
(with respect to the orientation of the primary fault zone) en
echelon fractures, whereas low angle fractures are older and
more proximal to the pre-existing basement fault (Lin and
Nishikawa 2011). Where surface materials indicate a very
broad deformation zone should be expected there are two
options; (1) expand the FAZ to encompass all distributed
deformation (potentially hundreds of meters); or (2) allow
the introduction of engineered mitigation of minor dis-
tributed deformations at a certain distance beyond the pri-
mary rupture zone.

3.4 Fault Maturity

Fault zones evolve towards geometric simplicity with
cumulative slip. Riedel (R) shears form during the initial
stages of fault development when resistance to shear is
greatest. This behavior was observed in the Darfield earth-
quake when the Greendale fault ruptured after period of 20—
30,000 years (Hornblow 2016). The fault rupture propagated
through a significant thickness of undeformed coarse fluvial
gravels. Although the rupture formed a continuous 40 km
long zone of deformation, rather than forming a major
through-going rupture, much of the displacement was
accommodated across a broad zone of Riedel shears. As the
fault zone matures movement on the R shears ceases and
central principal displacement shears develop aligned to the
general direction of fault movement (Tchalenko 1970).
Strain is localized throughout this process and the zone of
active deformation gradually simplifies and narrows such
that the older peripheral faults become inactive. Structurally
immature faults may manifest ~50-60% of total slip on
narrow fault traces whereas structurally mature faults man-
ifest ~85-95% (Dolan and Haravitch 2014). The missing
slip is be accounted for by aseismic creep or distributed
off-fault deformation. Borchardt (2010) demonstrated that
after 30 fault ruptures, the likelihood of a new rupture
developing in a soil that shows no evidence of prior ruptures
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is negligible. Evidence also suggests that faults in a
low-strain setting with long recurrence intervals are prone to
complex geometries.

Having an appreciation of the structural maturity of a
fault gives an indication of how much off-fault deformation
to expect and informs the construction of a displacement-
distribution curve. The youngest faults in a fault zone should
be identified as these are the most likely to be active and
rupture in the future; more distal faults may be inactive.

The general location of surface ruptures is controlled in
tectonically active regions by pre-existing fault zones that
have either experienced surface faulting in the late Pleis-
tocene or Holocene or are undergoing active creep (Lin and
Nishikawa 2011; Fenton and Kernohan 2015). Thus, in a
general sense, surface ruptures can be expected where they
have been observed historically, or for where there is geo-
morphological evidence of prehistoric ruptures. However,
this does not stop a long recurrence interval fault for which
there is no existing geomorphic evidence from rupturing to
the surface (e.g., the 2010 Greendale fault rupture).

The geological controls on surface rupture morphology
described above suggest surface fault ruptures within New
Zealand are likely to generate wide, complex patterns of
ground deformation. This is because; (1) many faults are
structurally complex with oblique strike-slip movements;
(2) fault may be covered by loose, uncemented alluvial
sediments hundreds of meters thick, moraine, till, fan
deposits, or landslide debris; (3) faults may not rupture with
characteristic behavior and have not matured into narrow,
linear traces. While primary ruptures can be expected on
identifiable pre-existing fault traces, secondary ground
deformations for which there is no historic evidence may
occur hundreds of meters away. For this reason, applying a
20 m setback distance around the central rupture zone of a
fault is not likely to capture the full extent of deformation.

4 Creating a Predictive Model of Slip
Distribution

The geologic controls on surface rupture and observations
from historic events help us to predict the shape of the
deformation-distribution curve for an active fault (Fenton
and Kernohan 2015). This should form the basis on which
FAZs are established. A fault displacement curve can be
used by land-use planners and engineers to completely avoid
surface ruptures, allow buildings of lesser or greater
importance closer or farther from a fault zone, respectively,
or design structures to withstand the expected amount of
ground deformation or strain at a particular location.
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5 Key Inputs for a Surface Fault Hazard
Investigation

Any surface fault hazard investigation must begin with the
identification and characterization of active faults. Standard
geologic maps (Q Map in New Zealand) at scales of
1:250,000 are not adequate for site-specific fault location.
Only primary fault traces are marked with no indication of
the deformation zone width. When enlarged to the scale
required by land planners (<1:10,000), faults are inaccu-
rately portrayed and liable to misinterpretation (ME Guide-
lines, 2003). Large scale (<1:10,000) geomorphologic
mapping must be conducted. Several remote sensing tech-
nologies may be employed including LiDAR and aerial and
satellite photography as well as field mapping.

LiDAR surveys are particularly advantageous in that they
can generate bare-earth topography (Fig. 3). This removes
the obscuring effects of vegetation and allows the ground
below heavily vegetated areas to be imaged. The effects of
erosion and local environmental factors should also be rec-
ognized. Decades of agriculture are likely to diminish subtle
geomorphic indicators of surface faulting. Assessment of the
length of a fault beyond that which is observable is justified
for faults which are thousands of years old, as the true length
of the fault is unlikely to be preserved (Villamor et al. 2012).

Trench investigations are a valuable component of fault
hazard studies and should be used to assess the displacement
and recurrence interval of fault ruptures. However, the lim-
itations of trenching must be recognized to avoid misinter-
pretation, and trenches sited in the wrong place or of

P

L

e '.-"I"'w';
B = %

10 EP3

I <ilometers

inadequate length or depth will be of little value. Bonilla and
Lienkaemper (1991) found that in 45% of trenches faults
appear to die-out upwards and in 30% of trenches faults
appear to die-out downwards where other data showed that
surface displacement had occurred. Failure to recognize that
fault strands often die-out for reasons other than being
covered by younger deposits may lead to an underestimation
of fault activity (Bonilla and Lienkaemper 1991). The use of
geophysical techniques can be extremely useful in fault zone
determination (Fig. 4). Site-specific limitations, such as soil
type and the presence of groundwater can limit the resolution
and depth of penetration.

The spatial and temporal variation in the behavior of a
fault is hard to assess from the single observation point
provided by a trench. Care must be taken that the amount of
displacement measured in a trench is characteristic of the
entire fault. In 1979 there was a small earthquake swarm on
two of the faults that ruptured in the 1992 Landers earth-
quake (Treiman 2010). The 1979 event generated 0.1 m of
slip, yet in 1992 the same area experienced 1-2 m dis-
placement. If a trench were dug in 1980, it may have shown
a few centimeters of displacement from the 1979 event, but
it may not have been possible to characterize the 1992 event
beforehand (Treiman 2010). Broad shear zones and warping
are also unlikely to be appreciated in trench investigations.
Wells and Coppersmith (1994) found that for a single event,
the average displacement on a fault is half of the maximum
displacement. Empirical regressions may assist the estima-
tion of fault rupture parameters that are hard to ascertain by
field investigation.

Z(m)
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Fig. 4 A GPR profile across a 2016 Kaikoura thrust trace at
Glenbourne. The near-surface materials are alluvial sands and gravels.
Shallow groundwater and/or the presence of fines has reduced the depth
of penetration to 1.5 m. a Location of Glenbourne GPR profile.

b Vertical aerial photograph of GPR profile site. Red lines show 2016
surface rupture traces. ¢ LIDAR image of the GPR profile site. d Field
photo showing the low reverse fault scarp at Glenbourne



Trenches should extend well beyond the full length of a
proposed development. While there may be no evidence for
faulting beneath a site, the area may be subject to secondary
deformations if a large fault is discovered beyond the site.
This may be hard to justify in an area of no known active
faults or where there is no geomorphic evidence of faulting,
however there are several cases of unknown faults rupturing
(e.g. China 2008, Darfield 2010, Kaikoura 2016) which
could have been recognized prior in a trench.

It is worth considering the most appropriate definition of
an active fault. The six classes defined by the ME Guidelines
require rupture intervals to be dated to an accuracy of up to
1500 years; a difficult task given an imperfect geological
record and inaccuracies in dating. A simpler approach would
be to define fault activity based on evidence for Holocene,
Late Quaternary or Quaternary displacements.

6 Suggestions for Best Practice

Surface fault ruptures are often complex and appear unpre-
dictable. While surface ruptures have occurred on unrecog-
nized faults, there are often subtle, pre-existing geomorphic
traces and evidence for prehistoric ruptures in trenches that
are only recognized post-event. A 20 m setback distance
may not always be an adequate. Secondary deformations
should be expected to span up to hundreds of meters from
the central rupture zone. An understanding of the geologic
factors that control the style, location, and distribution of
surface ruptures allows us to establish wider avoidance
zones were necessary. Advances in LiDAR surveys and high
resolution aerial photography aid the identification of active
fault traces. The response of structures to historic ruptures
provides guidance on how to construct surface rupture
resistant buildings. This information can be used to establish
robust mitigation measures.

New Zealand has a relatively low population density and
a large number of active faults. It would be impractical and
unnecessary to establish a non-arbitrary avoidance zone for
every fault; to do so properly would require extensive geo-
morphic mapping, detailed trench investigations, all requir-
ing significant capital expenditure. Major active faults in
proximity to urban environments are likely to see ongoing
civil engineering developments. These faults warrant
investigation and the establishment of wide avoidance zones.
This approach would be similar to the AP Act, which
requires maps to be published showing potentially hazardous
EFZs. The onus would then be on a developer to prove the
lack of surface rupture hazard by carrying out the appro-
priate geological investigations. However, unrecognized
faults have ruptured outside of EFZs, so for all critical
infrastructure (e.g. hospitals, power stations), even that sited
away from known active faults, some specified minimum
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level of fault investigation would be prudent. For known
inland faults away from major urban areas, some minimum
level of engineering mitigation within a certain distance
(e.g., 1 km) from known active faults would protect
life-safety without the need for detailed fault investigations.
The current ME Guidelines define narrow fault recurrence
intervals that depend on faults having developed character-
istic rupture cycles and our ability to date ruptures accu-
rately. How sure can we be that a fault of recurrence interval
2000-3500 years is more likely to rupture than a fault of
3500-5000 years when inaccuracies in dating and an
imperfect geologic record are considered? Can we be sure
enough to determine the type of building that should be
allowed and the potential risk to life we are willing to
assume? It may be simpler to simply class faults as
Holocene-active or Late Pleistocene-active.
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Steven H. Kolthoff, Michael F. Mills, and Roy J. Shlemon

Abstract

We present new data and analyses indicating that the
inferred “active” Hollywood Fault is not mainly
left-lateral, strike slip, as previously postulated, but
rather, as now shown for the Central Hollywood District
of Los Angeles, is driven mainly by crustal shortening
indicated by uplift of the adjacent Santa Monica Moun-
tains, by presence of the Hollywood Syncline and by the
asymmetric (south verging), newly discovered “Yucca
Street Anticline.” This crustal shortening follows a
regional structural fabric developing since at least
Miocene time. Evidence stems from interpretation of
historic earthquake moment-tensor solutions, from regio-
nal GPS plate velocity data, and from new, site-specific
engineering-geological trench exposures and related sub-
surface investigations. The California Geological Survey
(CGS) concluded that the Hollywood Fault is “active”
(surface or near-surface displacement within about the
late 11,500 years). Likewise, adopted by City of Los
Angeles regulations, the inferred active fault mandated
site-specific, neotectonic and paleoseismic investigations
for proposed construction of several sub-adjacent
high-rise tower buildings. Based on exposures in approx-
imately ~213 m long and up to 10 m deep trenches, on
advancement and interpretation of 100+ cone penetrom-
eter tests (CPT), and on excavation and collection of over
304 m of continuous cores, we conclude that—at least in
the Central Hollywood area—the presumed Hollywood
Fault is not an active, mainly strike-slip fault but rather is
structurally expressed by several near-surface folds

S. H. Kolthoff (P<)
SK Geological, Inc., San Pedro, CA, USA
e-mail: stevenk.skgeo@gmail.com

M. F. Mills
Peninsula Geologic, Inc., Torrance, CA, USA
e-mail: peninsula.mfm@gmail.com

R. J. Shlemon
Roy J. Shlemon and Associates, Newport Beach, CA, USA
e-mail: rshlemon@jps.net

© Springer Nature Switzerland AG 2019

A. Shakoor and K. Cato (eds.), IAEG/AEG Annual Meeting Proceedings,

indicative of compression normal to the inferred trace.
Inherently, therefore, any assumed “active” Hollywood
Fault in the Central Hollywood area of Los Angeles may
trend outside the study area, may have slip taken up in
contemporary folding, or—though less likely—be
obscured by thick wedges of Holocene alluvium.

Keywords
Hollywood fault ¢ Neotectonics * Paleoseismology

1 Introduction

The Hollywood Fault is a much-discussed and controversial
geologic feature at the southern boundary of the Eastern
Santa Monica Mountains. The California Geological Survey
(CGS), after compiling published data, aerial photographic
interpretations and field reports, judged that the Hollywood
Fault is a fault rupture hazard. Accordingly, the CGS
established an “active fault zone” for much of the Holly-
wood Fault. The Los Angeles Department of Building and
Safety then restricts development within the Zone until a
paleoseismic evaluation is performed. As engineering geol-
ogists and paleoseismologist consultants to Group Delta
Consultants, Inc. (Torrance, California), we evaluated four
sites near the area of the intersection of Yucca Street and
Argyle Avenue in the Hollywood District, Los Angeles to
verify the location of the Hollywood Fault and to determine
if the Hollywood Fault ruptured during the Holocene
(Fig. 1). We found that the inferred “active” Hollywood
Fault did not exist, but rather coincided with several dis-
continuous, older normal faults on the crest of an anticline.
The senior author initially proposed that evolution of the
Hollywood Fault and the eastern Santa Monica Mountains
was not caused by Quaternary rotation with strike-slip
faulting, but rather by crustal shortening. We now present
regional and site-specific data supporting this hypothesis.
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Fig. 1 Earthquake zones of
required investigation map (CGS
2014a) and project location

map. Dark green—Iliquefaction
hazard zones, yellow—
earthquake fault zone, light green
—overlap of earthquake zone and
liquefaction hazard zone. The
Yucca Street Anticline and
Hollywood Syncline are
approximate locations added to
this figure
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The Hollywood Fault has been postulated as having
mainly left-lateral strike-slip movement with a reverse
component produced by detachment of the Transverse
Ranges from the southern Peninsular Ranges (Dolan et al.
1997). Ostensibly, strike-slip movement associated with the
San Andreas Fault and between the Pacific and North
American Plates was, and continues to be, the main driver of
Los Angeles Basin tectonics. Past studies suggested that the
Transverse Ranges rotated with the southern boundary
movement taken up by sinistral-slip on the Hollywood fault
system. This apparently continues only throughout the
Holocene (Dolan et al. 1997).

In contrast, alternative models by geologists who have
mapped thrust belts throughout the world indicated that the
modern Southern California Transverse Ranges are actually
thickening from crustal shortening, resulting in deep-seated
thrusting and not strike-slip faulting (Namson and Davis
1988; Davis and Namson 1994). Our recent site-specific
investigations in the Central Hollywood area now support
the “deep-seated thrusting” model.

We now describe the general tectonics of the Eastern
Santa Monica Mountains, Hollywood Sub-Basin and shal-
low geologic structures based on published data. We also
provide new data stemming from paleoseismic exploration
in the Yucca Street and Argyle Avenue areas (Fig. 1)
showing that, throughout the Quaternary, the Hollywood
Fault has been typified mainly by reverse rather than by
left-lateral strike-slip offset.
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2 Tectonics of the Santa Monica Mountains,
Transverse Range, Geomorphic Province
of California

Between 12 and 6 Ma, the Transverse Range, Geomorphic
Province of the Santa Monica Mountains, was part of the
northern Peninsular Ranges. Ingersoll and Rumelhart (1999)
proposed that the Los Angeles Basin went through a
three-stage tectonic evolution. Initially, the Transverse Ranges
rotated in a clockwise direction detaching off the Peninsular
Range. During these pre-6 Ma tectonic events, the Los
Angeles Basin underwent lateral translation (extension) with
normal faulting and extensional basins dominating the main
structures. Sub-basins and elevated (sub-marine) ridges devel-
oped where most marine Miocene sediments accumulated.
Today, these marine, Miocene basin sediments deposited are
inverted as outcrops in the east-west trending Santa Monica
Mountains and below Quaternary sediments bordering the
Santa Monica Mountains and filling the Los Angeles Basin.
The modern geologic structures of the Los Angeles Basin
are still influenced by crustal shortening that started approx-
imately 2-3 Ma, giving rise to the seismically active folding
and thrust faulting documented by reverse-fault earthquakes
during the last forty years (Davis and Namson 1994, 1989;
Namson and Davis 1988; Plesch et al. 2007) (Fig. 2).
During strike-slip faulting, double-plunge folds, shear
fractures, extension fractures and thrust faults occur as
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Fig. 2 Regional fault map (after
Plesch et al. 2007). The
abbreviations are names of faults
used in the referenced paper.
Numbers for Moment Tensor
Solutions refer to Plesch et al.
earthquakes; bold abbreviations
are specific geographic locations.
The fault names and earthquake
references are omitted.
Earthquake solutions in the
Transverse Range (Santa Monica
Mountains) illustrate that the
principal movement of faulting
during historical earthquakes is
reverse

en-echelon and oblique to the strike-slip fault zones (Syl-
vester 1988) not parallel or sub-parallel to the fault zone.
The velocity vectors from Southern California Inte-
grated GPS Stations (SCGIN) (Science Spotlight) show that
the tectonic plate movements are perpendicular to
sub-perpendicular to the Santa Monica Mountain front and
the Hollywood Sub-Basin (Fig. 3). East-west normal fault-
ing, formed by lateral translation of the Los Angeles Basin,
ceased by late Miocene time.

2.1 Neotectonics of the Hollywood Area
During the Miocene, the Hollywood Fault formed the gen-
eral boundary separating the Los Angeles Basin (Hollywood
Sub-Basin) from the Santa Monica Mountains. The Trans-
verse Ranges’ clockwise rotation positioned the Santa
Monica Mountains perpendicular to the plate movement and
the extensional faulting in the Los Angeles Basin ceased
about 6 Ma ago (Ingersoll and Rumelhart 1999).

By the start of the Quaternary, crustal shortening began in
the Transverse Ranges and the Los Angeles Basin, but any

surface expressions of Miocene compressional folding, local
thrust faults and the normal-fault tectonics would have been
generally buried by continued region-wide alluviation.
Major topographic relief probably characterized south-
trending canyons that incised the alluvial wedge(s) expos-
ing the pre-Miocene rocks in the Eastern Santa Monica
Mountains. The canyons were then likely filled, exhumed
and refilled during Quaternary climatic changes.

From the regional tectonic evolution and from our
site-specific investigations, we therefore conclude that the
likely surface trace of the Hollywood Fault is not along
today’s bedrock/alluvium contact (Dibblee and Ehrenspeck
1991) but is buried under alluvium to the south. We now
propose that the Hollywood Fault, as previously mapped by
Dibblee and Ehrenspeck (1991) in the Los Feliz area east of
Hollywood, crosses the alluvial basin in the Central Holly-
wood area and then reconnects with the previously mapped
Hollywood Fault in the West Hollywood area (west of Hol-
lywood). This projection of the Hollywood Fault shows the
likely location of the Miocene through Holocene Hollywood
Fault in the Central Hollywood area, now inferred to trend
immediately north of the Yucca Street Anticline (Fig. 4).
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Fig. 4 Suggested trend of the
Hollywood Fault following
regional geomorphic features and
perpendicular to the direction of
crustal shortening
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2.2 Strike-Slip Versus Compressional Tectonics

Specific structural and geomorphic features characteristic of
southern California strike-slip faults have been well docu-
mented by Ammon (2001), Sylvester (1988) and Anderson
and Nourse (2005). We specifically sought to find such
strike-slip indicators in the trenches and deep cores exam-
ined during our site-specific paleoseismic investigations, but
none were found.

Our inferred Hollywood Fault (Fig. 4) is perpendicular to
the direction of the crustal shortening of the Santa Monica
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Mountains. The Hollywood Fault mapped by Dibblee and
Ehrenspeck (1991) and the California Geological Survey
(2014a, b), in the Central Hollywood area, may therefore be
one of many older bedrock faults generally coincident with
canyon heads incised during the Pleistocene.

Our paleoseismic investigations specifically exposed
structure formed by parallel anticlinal and synclinal folding
with associated anticlinal crest faulting. A similar relation-
ship between strike-slip faulting and crustal shortening tec-
tonics was documented by Kolthoff (1994) in his
investigation of the Coalinga Anticline in central California.
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This relationship indicated that the Coalinga Anticline was
similarly produced by crustal shortening and not by simple
strike slip along the adjacent San Andreas fault system.

3 Paleoseismic Investigations of the Yucca
Street and Argyle Avenue Area, Central
Hollywood

Paleoseismic investigations in Central Hollywood (Fig. 1)
included trench exposures ~213 m long and up to 10 m deep
(Fig. 5), advancement and interpretation of 100+ cone pen-
etrometer tests (CPT), and excavation and collection of over
304 m of continuous cores. The CPTs, in particular, showed
regional continuity of stratigraphic markers throughout the
investigated area (Fig. 1). Similarly, the up-to-10 m deep
trenches (Fig. 5) exposed several extensive soil-stratigraphic
markers useful for regional correlation and for relative dating
of the underlying sediments. We found, at least in the Central

Hollywood area, the presence of an anticline (Yucca Street
Anticline) with no evidence of a large magnitude strike-slip
fault. This anticline deforms late Quaternary sediments and
may be a low amplitude fold; alternatively, it might be the
“crest” of a larger regional anticline associated with the
Hollywood Syncline (California Department of Water
Resources 1961, Plate 1) forming the Hollywood Sub-Basin
to the south. The Yucca Street Anticline, at the southern front
of the Santa Monica Mountains, parallels the south adjacent
Hollywood Syncline, further evidence that the Santa Monica
Mountains are now undergoing crustal shortening and thick-
ening and hence uplift and folding.

3.1 Paleoseismicity in the Yucca Street

and Argyle Avenue Area

The Yucca Street Anticline was first discovered and recog-
nized in trenches emplaced to evaluate possible Holocene

-*wz‘:qw—meﬁci’; T
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Mid Pleistocene Old Alluvium H
= e e

Argyle Avenue

Fig. 5 A typical urban paleoseismic trench across the Yucca and Millennium Projects excavated at the Capitol Records parking lot. The
Champion Project paleosesimic trench is shown at the top left corner of the photo. Photo by Steven Kolthoff



18 S. H. Kolthoff et al.

LEGEND
Qaf ARTIFICIAL FILL
w
=z
)l
§ - TOP SOIL ORGANIC HORIZON
SAND UNIT-
Qas SILTY TO CLAYEY SAND

PALEO SLUMP AND
~40ka PALEOSOL

w

2)| UPPER OLDER ALLUVIUM-
g Qoa(2) CLAYEY SAND TO SANDY CLAY L3 PALEOSOL
Hr LOWER OLDER ALLUVIUM- GRAVEL LINE
u Qoal(1)| cLavEY sanD TO sanDY cLAY
a WITH GRAVEL / FAULT

- PALEO COLLUVIUM F
—_— cuT

FORMATION CONTACT
————— BEDDING CONTACT

Tm MODELO FORMATION

MIOCENE
1

<= West  Yucca Street ) “T .
- — - — — o ' i ‘ i Intersection of
@ \ ‘

|

Yucca Street and
Argyvle Avenue

| I

WEAK SOIL DEVELOPMENT THROUGHOUT

|
NOTE: PALED SLUMP MATERIAL :
f uouammo.n—f-’"'

o BB

Intersection of ' Argyle Avenue  South =»
Yucca Street and ' [

PALECECL SEPTC AT
Argyle Avenue -

® = -

Fig. 6 Simplified trench logs of the Yucca Project showing units mapped in basement bulkhead exposures. The legend is the uppermost
illustration; representative east-west and north-south cross sections given in (a) and (b), respectively. Graphics modified from Group Delta (2016)



Neotectonics of the Hollywood Fault, Central Hollywood District ...

19

displacement of the Hollywood Fault (Group Delta 2014a, b,
c). The so-called “Champion trench” exposed
near-horizontal older alluvium in the north (near Yucca
Street) that increasingly dipped 15 to 30+ degrees to the
south. In contrast, the nearby “Argyle trench” exposed
north-dipping Pleistocene older alluvium. And north of the
Argyle site, exposures revealed north-dipping older allu-
vium, thereby defining an anticline with a generally
east-west axis. The Yucca Street Anticline was well exposed
in basement bulkheads of a multi-story building scheduled
for demolition. The Miocene sediments in the core of the
Yucca Street Anticline are highly deformed thin shales and
fine sandstones. These were covered by colluvium capped
by a strongly developed buried paleosol indicating at least a
~ 100 ka year epoch of weathering after anticlinal folding
(Group Delta 2014a, b, c).

Based on our subsurface investigations (Group Delta
2014a, b, c), we now propose a general, three-stage model to
explain the late Quaternary evolution of the Central Holly-
wood area: First, before about 500 ka, the Santa Monica

Mountains were deeply incised by south-trending canyons
carrying sediments to the adjacent Hollywood Sub-Basin. At
this time, the lower “older alluvium” (Qoal(1)) onlapped the
core of the Yucca Street Anticline, interfingered with local
paleo-colluvium and talus (Group Delta 2016), and eventu-
ally buried most of the Miocene anticlinal structures
(Figs. 6a, b and 7).

Second, regional compression re-folded Miocene sedi-
ments and deformed the Qoal(1) alluvium. The renewed
folding formed discontinuous extensional normal faults
along anticlinal crests. Some faults show bedding thickening
in hanging walls, ostensibly due to antithetic flexure
(roll-over). This period of renewed folding was after the
deposition of Qoal(1) and likely not contemporary.

And third, episodic growth of the Yucca Anticline
apparently ceased before ~ 100 ka ago, based on
soil-stratigraphic dating of undeformed alluvium (Qoal(2))
overlying the core crest (Group Delta 2014a). Accordingly,
the Yucca Anticline ceased before 100 ka and has remained
quiescent since.

Qoal(1)

Tm (Modelo Fm)
Anticline Core

: e gt Paleo-Colluvium Ty

Fig. 7 Excavating the Yucca Project basement bulkhead. See Fig. 6b for a graphic illustration of this exposed section along Argyle Avenue.
Photo by Steven Kolthoff

Paleo-Talus
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4 Conclusion

From regional structural assessments and from site-specific
paleoseismic data for the Central Hollywood area, we deduce
that: (1) the modern Hollywood Fault is not driven by
strike-slip tectonics, as has been previously proposed; (2) in
the Central Hollywood area, tectonics are mainly driven
mainly by regional compression (crustal shortening) evi-
denced by the uplift of the Santa Monica Mountains in general
and by folding of the Yucca Street Anticline and Hollywood
Syncline in particular. The folding, erosion and alluviation
documented in the Yucca Street and Argyle Avenue area of
Central Hollywood indicate that faulting and folding is epi-
sodic with the last crustal shortening (folding and faulting)
events taking place prior to at least ~ 100 ka ago.

We also propose that the Hollywood Fault, as previously
mapped in the Los Feliz area, crosses the alluvial basin in the
Central Hollywood area, north of the Yucca Street Anticline,
then reconnects with the previously mapped Hollywood
Fault in the West Hollywood area. We now conclude that
“active traces” of the Hollywood Fault do not exist in the
Central Hollywood area, but rather, if extant, are outside the
area, are taken up by slip in contemporary folding or, less
likely, covered by unusually thick wedges of Holocene
alluvium.
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Abstract

The occurrence of liquefaction and the generation of
liquefaction-induced deformations can result in severe
damages to the manmade environment particularly in
urban areas constructed in coastal areas. The first event
close to an urban environment and studied in detail, was
the 1906 San Francisco earthquake while the last decade,
severe structural damages were induced due to soil
liquefaction (CES 2010-2011, Great East Japan 2011,
Emilia Romagna 2012 and Cephalonia 2014 earth-
quakes). In order to prevent the occurrence of soil
liquefaction and to minimize its effects to the manmade
environment, studies regarding the susceptibility of the
geological units should initially take place, oriented to the
assessment of the depositional environment. The goal of
this study is to delineate susceptible to liquefaction
geological units within the broader Thessaloniki urban
area. In order to achieve this, information regarding the
surficial distribution of geological units was taken into
account in conjunction with the historical seismicity
background of the area. The result obtained by this study
is that the industrialized area, located to the western edge
of the urban area, is constructed upon sediments classified
as high to very high liquefaction susceptibility. The
outcome of this study can be used by urban planners for
the future extension of the city of Thessaloniki.
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1 Introduction

It was well known that the occurrence of liquefaction and the
generation of liquefaction-induced deformations have a huge
economical cost particularly in urban areas constructed
in coastal areas. The first event that occurred close to an
urban environment and studied in detail was the 1906
San Francisco earthquake. However, the most severe
liquefaction-induced damages to civil infrastructure were
observed after the Niigata and Anchorage earthquakes in
1964 which helped to identify liquefaction as a major
problem within an urban area (Idriss and Boulanger 2008).
Other major events that provided data regarding the occur-
rence of liquefaction in an urban area were the 1989 Loma
Prieta and the 1995 Kobe earthquakes. Other major events
that provided data regarding the occurrence of liquefaction
in an urban area were the 1989 Loma Prieta and the 1995
Kobe earthquakes. The latter event caused pervasive lique-
faction throughout the reclaimed lands and the manmade
islands in the Kobe region, causing extensive structural
damages to quay walls around the port facilities and asso-
ciated damage to the cranes and other supporting facilities
(Idriss and Boulanger 2008).

The last decade, severe structural damages such as
building settlement, lifeline failures and quay wall dis-
placements were induced due to soil liquefaction. Such
structural damages were triggered by the Canterbury Earth-
quake Sequence 2010-2011, Great East Japan 2011, Emilia
Romagna 2012 and Cephalonia 2014 earthquakes. The most
characteristic liquefaction-induced deformations were doc-
umented in the urban areas of Christchurch (New Zealand)
where the cost to insurers of rebuilding has been estimated at
NZ$20-30 billion, the villages of San Carlo and Mirabello
(Emilia Romagna, Italy) and the waterfront areas of Lixouri
and Argostoli (Cephalonia, Greece).

Taking into account the above information, it is clearly
established the necessity for compiling studies focusing on
the triggering of liquefaction. The preliminary step for
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evaluating the liquefaction potential in an area, is the
preparation of liquefaction susceptibility map that will be
used as a base layer in order to evaluate the liquefaction
hazard and manage the associated risk of foundation and
structural damage.

Therefore, this study should be considered as the first step
regarding the evaluation of liquefaction hazard within the
broader area of Thessaloniki and it is focused on the delin-
eation of susceptible to liquefaction geological units.

2 Assessing the Liquefaction Susceptibility
on Regional Scale

In order to prevent the occurrence of soil liquefaction and to
minimize its effects to the manmade environment, studies
regarding the susceptibility of the geological units should
initially take place. Areas susceptible to liquefaction can be
identified through detailed geologic, geomorphic and
hydrologic mapping (Witter et al. 2006). Afterwards, a prone
to liquefaction area should be further investigated in detail in
order to evaluate the liquefaction potential and the degree of
ground and/or structural failure. It should be pointed out that
these maps do not predict liquefaction-related ground fail-
ures, although ground failures may accompany liquefaction
and are more likely to occur in areas with higher liquefaction
susceptibility (Tinsley et al. 1985).

In general, the susceptibility to liquefaction of a geolog-
ical unit can be evaluated based on its depositional envi-
ronment; the depositional process affect the liquefaction
susceptibility of sediments since fine and coarse grained
soils sorted by fluvial or wave actions are more susceptible
than unsorted sediments (Youd 1998). The most well-known
and globally applied methodologies in order to assess the
liquefaction susceptibility of the geological units at regional
scale were proposed by Wakamatsu (1992) and the Cali-
fornia Department of Conservation, Division of Mines and
Geology (CDMG 1999).

Following the above regional-oriented guidelines, the
liquefaction susceptibility of the sediments at the urban area
of Thessaloniki, Greece was assessed.

3 Engineering Geological Settings
at the Study Area

For the purposes of this study the engineering geological
map (scale 1:10.000) compiled by Rozos et al. (2004) was
used as a base layer. It was decided to use this map not only
because it is more detailed regarding the spatial distribution
of sediments but also because extra meaningful information
regarding geotechnical characteristics of the geological units
is also provided.

G. Papathanassiou and V. Marinos

In particular, having collected and analyzed more than
1300 geotechnical boreholes, Rozos et al. (2004) distin-
guished thirteen engineering geological units within the
broader Thessaloniki area. These units have been grouped in
four lithostratigraphic units while the range of their physical
and mechanical properties was also provided. This is a
critical issue regarding the assessment of liquefaction sus-
ceptibility of deposits since the provided data regarding the
Atterberg limits and the dominant size/type of grains within
a soil unit were used in order to perform a liquefaction-
oriented classification.

According to Rozos et al. (2004), four pre-Neogene
basement units and one Neogene (mixed phases coded as PI,
f-c), units are mapped within the studied area. The Neo-
gene units are mainly reported in the southern and northern
part of the city while the pre-Neogene found in the
semi-mountainous and mountainous zone to the north-east
and east of Thessaloniki. Obviously, both geological units
are considered as non liquefiable and were not further ana-
lyzed for the purposes of this study.

The rest of the examined area is covered by seven engi-
neering geological units of Quaternary age while the his-
torical centre of Thessaloniki is covered by earth fills
(historic fills coded as Hf), mainly consists of building
stones and other construction material mixed with natural
soils (Rozos et al. 2004). Towards the waterfront area of
Thessaloniki, these artificial fills mainly consists of clayey
silts with some sand and gravels, and are grouped in the
engineering geological map as recent fills, Rf. The rest of
Quaternary geological units at the broader Thessaloniki area
are grouped as coastal sands (Sd), torrential deposits (Rd),
inland basins deposits (f,c-1), Quaternary loose sandy
deposits (sd-1), Quaternary loose silty deposits (sl-1), Qua-
ternary loose fine deposits with organics (fp-1) Quaternary
scree material (Scr) and the Pleistocene cohesive sediments
of mixed phases coded as f,c-cm.

Thus, as it is shown in Fig. 1, a preliminary age-based
discrimination of the geological units took place for the
purposes of this study in order to delineate the Quaternary
and pre-Quaternary sediments. This discrimination is critical
since it is well known that only Quaternary sediments should
be further examined regarding the susceptibility to lique-
faction. A brief liquefaction-oriented description of these
units is presented in the following section.

4 Assessing the Liquefaction Susceptibility
of Deposits Mapped at the Study Area

Following the brief presentation of the Quaternary deposits
that were mapped at the study area, it can be clearly
demonstrated that likely to liquefaction zones exist. Thus,
the goal of this study, which is mainly presented in this
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Fig. 1 Engineering geological
map of Thessaloniki (modified by
Rozos et al. (2004)). Coastal
sands (sd), torrential deposits
(Rd), inland basins deposits
(f,c-1), Quaternary loose sandy
deposits (sd-1), Quaternary loose
silty deposits (sl-1), Quaternary
loose fine deposits with organics

(fp-1) Quaternary scree material
(Scr) and the Pleistocene cohesive
sediments of mixed phases coded
as f,c-cm
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section, is to analyze and classify these deposits based on
their level of susceptibility to liquefaction and to compile a
relevant map for the entire urban area of Thessaloniki.

In particular, starting from the younger manmade unit,
which is described with the general term of “Artificial fill”, it
was decided to classify the area covered by this unit as high
susceptible to liquefaction zone. For this classification we
took into account the outcome of a research conducted by
Anastasiadis et al. (2001) and Senetakis et al. (2008),
concluding that soil layers of high potential to liquefaction
are encountered at the waterfront of Thessaloniki, and the
conclusion of a relevant research by Kiratzi et al. (2014),
indicating that likely to liquefaction subsoil layers are
encountered in this area. Both analyses were based on data
provided by in situ tests (SPT) performed at the waterfront
area of the city of Thessaloniki and its suburbs.

The unit that covers the historical center of Thessaloniki,
coded as “historical fill” it was decided to be classified as

non susceptible by taking into account the general structure
of this unit and the fact that the level of ground water table is
deeper than 3 m. However, it should be pointed out that
within this zone, sites or “spots” can be existed where the
deposited soil layers could be liquefied under saturated
conditions.

Regarding the Quaternary age deposits, the most likely to
liquefaction unit that is classified as very high susceptible is
correlated to the mapped coastal sands sd with thickness up
to 3 m. A geological unit of similar susceptibility class (high
to very high) is the one mapped as Quaternary loose sandy
deposits sd-1. On a qualitative-base approach, this unit
contains soils that fulfill two basic criteria regarding the
occurrence of liquefaction: the loose state and the sandy
gradation with fines content (silt and clay size particles) less
than 20%. In addition, this sandy loose material though t it
shows a large variation in Atterberg limits, in most cases
show no plasticity (Andronopoulos et al. 1991).
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As moderate susceptible to liquefaction were classified
the units mapped as fluvio-torrential deposits Rd and Qua-
ternary loose silty deposits (sl-1). According to Rozos et al.
(2004), the Atterberg limits of the latter formation show a
small variation with ranges equal to 28 (21-49%) for the
liquid limit and 14.7 (17-32%) for the plastic limit. Thus,
and by taking into account the fact that the plastic index
ranges equal to 13, it cannot be excluded that likely to lig-
uefaction sites exist. However, based on the previously
mentioned physical parameters, the level of liquefaction
susceptibility is considered as moderate.

The formation mapped as Quaternary loose fine deposits
with organics (fp-1) consists of a black to black-grey silty
clay with organics. This horizon includes scattered sandy
intercalations with a thickness not exceeding 1.0 m.
According to Rozos et al. (2004), the Atterberg limits show a
large range of plasticity values from low in sandy interca-
lations to high for the silty clay-based sites. Thus, this unit is

Fig. 2 Liquefaction

classified as non-susceptible to liquefaction with the
exception of sandy spots. Within the same group of non
susceptible to liquefaction units, are classified the mapped as
Loose Quaternary deposits, with predominance of coarse
grained material Scr and the inland basin deposits f,c-1. The
former has been formed by scree material and accordingly is
not liquefiable and the latter is mainly consist by sandy clay
soil that is also considered as non susceptible to liquefaction.
Finally, although the fact that liquefaction phenomena are
not expected within the area covered by the Pleistocene
cohesive sediments, this zone is classified as very low sus-
ceptibility to liquefaction in order to maintain the consis-
tency with the accepted discrimination of Quaternary and
pre-Quaternary sediments.

Having assessed the liquefaction susceptibility of the
sediments, the future step of this research deals with the
evaluation of the liquefaction potential of the soil layers
based on data provided by geotechnical boreholes with SPT
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and in situ tests e.g. CPT. Up to date, more than 200 profiles
of boreholes that were performed from 1963 to 2006, were
collected. These in situ tests were drilled for various pur-
poses such as the construction of Thessaloniki metro, the
extension of coastal part and the construction of buildings
such as schools, hospitals, museums, town halls, gyms,
apartment buildings etc. (Fig. 2).

5 Conclusions

The goal of this study was the compilation of a liquefaction
susceptibility map of the broader Thessaloniki area. In order
to achieve this, the engineering geological map that was
compiled by Rozos et al. (2004) was used as a base layer
while additional information obtained by published articles
and reports were also taken into account.

As a result, a map is developed where the mapped for-
mations are delineated based on the assessed susceptibility to
liquefaction level. This map clearly indicates that the
waterfront area of Thessaloniki is covered by high suscep-
tibility to liquefaction units while at the historical centre of
the city the hazard due to soil liquefaction can be neglected
with the exception of “spots” where the subsoil layers under
condition are likely to liquefaction.

The most meaningful outcome of this study deals with the
spatial distribution of high to very high susceptible to lig-
uefaction at the western part of the city; an area that is
crossed by the train network and Egnatia motorway, and
where the industrialized zone of the city is located. At this
area, it was concluded that the soil layers are likely to lig-
uefaction and accordingly further investigation e.g.
geotechnical boreholes should be performed in order to
quantitatively evaluate the liquefaction potential. Further-
more, this conclusion should also be taken into consideration
by urban planners and decision makers regarding the
extension of the urban area of Thessaloniki.
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and Jaquelline da Silva Feitosa

Abstract

The quicksand phenomenon occurs when the sand
particles are saturated by an upward flow of an aqueous
fluid and microscopically the particles of the mineral lose
contact. Thus, the tension of the soil weight equals the
water pressure value making the effective tension of the
soil null. The sandy soil does not present plasticity and
cohesion, when saturated the sand loses its mechanical
characteristics and acts like a liquid. The objective of this
paper is the elaboration of a didactic physical model, in
laboratory, that simulates the phenomenon of quicksand
and the development of a better understanding of its
occurrence operations and characteristics. The method-
ologies used were quantitative and qualitative. The
quantitative methods were geotechnical characterization
tests, such as the classification of sands in terms of
granulometry (ABNT NBR 7181: 2016), specific mass
test and the development of a permeameter capable of
determining the permeability coefficient in a BMA
(system that is composed of gravel, geodrenant mesh
and sand). The methods of quantitative character were the
analyses of the phenomena in reduced scale and the
behavior of the sands in the BMA system. The results
found coincide with the expected physical properties.
This was possible due to the fact that the glass apparatus
was adequate to promote and watch the quicksand
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phenomenon, besides, the BMA system was important
to maintain the permeability constant in all the simula-
tions carried out in the laboratory.

Keywords
Quicksand * Sand * Permeability

1 Introduction

There is a great diversity of soils in the world, there are clay
soils, silty soils, sandy soils, loam soils, among others. The
combination and configuration of the soil branch out in
several aspects. In the city of Natal- Rio Grande do Norte, on
the northeastern coast of Brazil, there is a formation of dunes
(sand hill) that can be prone to the phenomenon of quick-
sand if there were to be a cut in the dunes or increase of
water table or environment, however, before knowing about
this phenomenon it is necessary to understand soil science.

Soil Mechanics studies the behavior of each soil under
stress. For Campos (2012) the Mechanics of the Soils
divides the materials that cover the earth in 4 groups: rocks
(rocky terrain); sandy soils; silt soils and clay soils. The
Campos division (2012) is initially simplistic, but is pri-
marily a soil classification method.

The ABNT NBR 6502: 1995 classifies sand as fine sand
(0.06-0.2 mm), medium sand (0.2—0.6 mm) and coarse sand
(0.6-2.0 mm). Thus, a sandy soil is composed of mineral
particles of granulometry between 0.06 and 2.0 mm visible
to the naked eye. One of the main characteristics is the lack
of cohesion between the grains, that is, their grains are easily
separated from each other allowing a great permeability in
these types of soils allowing water ease circulation under this
condition. According to Caputo (1988), permeability is the
capacity of soil to allow water to flow through it and the
permeability coefficient quantifies this property.

The quicksand phenomenon occurs when a large stream
of water fills the voids of the sand, canceling the friction
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between the grains (Freitas 2017). This situation occurs in
river banks, lakes, beaches, marshes and in regions close to
underground water sources.

In Brazil, the quicksand receives a nomenclature of “areia
movedi¢a” which in literal translation means moving sand.
This term is used because the lack of friction between the
grains allows the sand to assume the property of the liquid as
it becomes movable.

This phenomenon happens when the sand is submitted to
a condition of constant ascending flow, in such a way that it
undergoes a specific tension, resulting in a soil resistance
equal to zero. With that the balance of the grains is broken
making the ground unstable (Cavalcante 2006).

In this research a structure capable of simulating the
phenomenon of quicksand was developed in a reduced scale
to facilitate the understanding of this natural phenomenon.
The study can be applied as a didactic form of assimilation
of the grain saturation and understanding of how water flow
can cause the quicksand phenomenon in sandy soils.

2 Methodology

The methodologies used for the study are quantitative and
qualitative. For analysis, data were collected on the sand
grains granulometry, permeability coefficient (K) and
observed the percentage of immersion (I) during the
phenomenon.

The equipment capable of simulating the phenomenon of
quicksand was developed to be capable of performing per-
meability tests on the used soil. The equipment has mech-
anisms that can control the situation in the occurrence of the
quicksand phenomenon and allows the understanding of its
occurrence.

To understand and analyze the simulation, it is necessary
to know the system variables, the resource used, what pro-
cesses are executed and what is the simulated event. The
variables are the different types of sand and their different
permeabilities. The process is a continuous and ascending
flow of water. The resource is the path the water will percolate
through, in this case, the sand column. The sum of all these
components enables simulation and the study of quicksand.

To eliminate one of the variables, a BMA system was
developed (system composed of gravel, mesh and sand).
This system, regardless of the type of sand used, can allow
the permeability to remain in the range of 1072 cm/s with
small changes in the millimeter scale. The realization of
quicksand simulation with permeability on a scale of
1072 cm/s is a good option since this permeability is one of
the most probable for the occurrence of the phenomenon.

S. G. G. Junior et al.

This affirmation was deduced by the permeability test and
simulation of the effect in the laboratory.

The soil characterization was based on the ABNT NBR
7181/2016 standard and the permeability coefficient was
obtained using the equipment developed for the project,
based on Caputo (1988), where it states that the permeability
coefficient of a soil can be quantified numerically using
Darcy’s Law expressed by the following equation:

_ 9
AXx1

(1)

where:

K Coeff. of permeability;
Q quantity of flow;

A Sample length;

I hydraulic gradient.

To prove the efficacy of the simulation, the BMA system
was submitted to a continuous and upward flow of water.

3 Description of Equipment and Materials

The equipment was designed for permeability laboratory
study. It was constructed with reused material and three
types of aquariums that interconnect, Fig. 1, forming a
mutual system of tests.

The first aquarium has dimensions of 70 cm x 35 cm
50 cm and consists essentially of two parts. These parts are
separated by a sheet of glass at 50 cm from the left end of
the aquarium. The glass sheet thickness is S mm and con-
tains a circular cut of 5 cm in diameter at the height of
42 cm.

The first part of the aquarium (1) is intended for the
small-scale quicksand simulation test and the second part
(2) has the function of reserving excess water during the test.

The second aquarium has dimensions of 25 cm x 20
cm x 20 cm and contains a cut at the bottom of one of its
faces intended for the exit of water regulated by a plastic
tap. This aquarium is the third module of the equipment
(3) and has the function of being a water reservoir, keeping
the volume constant since it is always replenished by the
second module (2).

The third aquarium has dimensions of 25 cm x 20 cm
20 cm and contains a hole in the center of its base to allow
an upward flow of water. This aquarium is the fourth and last
module of the equipment (4) for testing the permeability
coefficient (K).

All aquariums are made of glass, supported by a device
made of reused school desks.
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Fig. 1 2D diagram of the equipment, consisting of an aquarium for
simulation of the small-scale quicksand phenomenon (1-2), a water
aquarium (3) and an aquarium for the permeability test (4)

3.1 Geodenant Mesh

For the execution of the permeability test and the simulation,
a Bidim Geodrenant mesh was used to prevent the passage
of sand and allow only the passage of the fluid.

The use of the mesh is justified for two reasons, the
container used for the permeability test has an upstream
water inlet located in the center of its base, thus the water
flow created a larger flow section than in the other regions,
the mesh allowed a flow homogeny at all points of the
container. The second reason is that the sand is a fine
granular material that in direct contact with the water inlet
could clog the passage. The use of the mesh prevented the
direct contact between the sand and the passage of water.

The arrangement of materials in the equipment, as shown
in Fig. 2, was: gravel 1, the geodrenant mesh, and sand,
which was the studied variable.

Fig. 2 Layout of materials

4 Results

The results found coincide with the expected physical
properties and the BMA system maintained the permeability
constant in all the simulations.

4.1 Soil Characterization

For the soil characterization, 150 kg of sand were acquired
to carry out all the tests proposed by the research. Using the
ABNT NBR 7181: 2016 the entire sample of sand studied
was washed, dried, and sifted, separating the grains by their
granulometry.

Figure 3 shows in percentages the amount of each type of
sand contained in the lot, where it is perceived that in the
region where the study was applied, the average sand grain
size is prevalent.

4.2 Permeability Coefficient (K)

After developing the BMA system, the tests were carried out
to determine the permeability coefficient using the equip-
ment developed during the research.

The equipment acts as a permeameter of constant load,
where there are two reservoirs where in one reservoir the
water is kept constant and percolates the BMA system that is
allocated in the second reservoir. After this process the
permeability coefficient (K) was determined.
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Fig. 3 Classification of sand
samples
m loss of material

» Coarse sand

CLASSIFICATION OF SANDS (%)

= Medium sand u Discard

= fine sand

Table 1 The permeability of the BMA system

Sand K (cm/s)

Coarse 1.18 x 1072
Medium 1.05 x 1072
Fine 1.00 x 107
System average 1.08 x 1072

With the values presented in Table 1, the efficiency of the
BMA system is proven, since it can keep permeability at the
same intensity regardless of the type of sand.

4.3 Simulation of the Phenomenon

The small-scale quicksand phenomenon carried out in the
laboratory was efficient in presenting the situation in a
didactic way. The specimen subjected to the phenomenon
was submerged with the application of the upward flow of
water. This has proved that sand particles in a constant flow
saturated environment lose contact with each other and
behave like a fluid.

Figure 4 shows the moment when the water begins to
saturate the sand grains.

Fig. 4 Apparatus for carrying out the quicksand phenomenon

5 Conclusion

The developed equipment demonstrated a good performance
for use as didactic assistance on a permeability study.

The permeability of the BMA system may not interfere
with the sands permeability, since the permeability of the
system is considerably constant and does not differ on a
large scale with the sands studied.
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The tests proved that the quicksand phenomenon occurs
only with constant water flow because it prevents the satu-
rated particles from maintaining contact.
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Clark Fenton, Mark Gray, Natalie Hyland, and James Smith

Abstract

The surface rupture generated by the 14th November
2016 M7.8 ‘Kaikoura’ earthquake ruptured multiple
faults over a distance of approximately 200 km. The
southern extent of the rupture in northern Canterbury
displays a remarkable complexity of rupture style,
geometry and surface expression. Much of the surface
trace is closely associated with a number of large,
complex mechanism coseismic landslides. The spatial
proximity of landslides and fault rupture through a region
of elevated topography has resulted in areas where the
determination of the origin of surface deformation
features becomes difficult. The identification of primary
fault rupture is vital for surface rupture hazard determi-
nation, especially for the development of fault avoidance
and setback zones. We present the results of detailed field
investigations showing the relationships between primary
and secondary surface faulting and areas of slope failure.
The geomorphological characteristics of each deforma-
tion mechanism are discussed, and approaches to devel-
oping criteria for distinguishing the origin of upland
surface deformation are presented.
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1 Introduction

The 14th November 2016 M7.8 ‘Kaikdura’ earthquake
produced over 200 km of surface faulting (Fig. 1) on a
number of linked structures extending from close to Waiau
in North Canterbury through the Leader-Conway catchment,
continuing offshore south of Kaikoura and through Marl-
borough and finally offshore into the Cook Strait (Stirling
et al. 2017). In addition to the surface faulting extensive
landsliding was triggered across the entire region, extending
from the Hurunui District in North Canterbury to Cape
Campbell in Marlborough (Dellow et al. 2017). Many of
these landslides, especially large volume failures, were clo-
sely associated with the fault rupture. The observed complex
movement styles in a number of these failures were con-
trolled by fault-related bedrock structure.

In this paper we examine a number of landslides along
the southern part of the rupture through the Hurunui District
of Northern Canterbury. The relationship between bedrock
structure, including fault geometry, and the ensuing style of
landsliding is investigated.

2 Earthquake-Triggered Landslides

The M7.8 ‘Kaikoura’ earthquake initiated about 5 km west
of the town of Waiau in North Canterbury at a depth of
14.1 km. The rupture then propagated in a unidirectional
manner towards the north and east. The rupture involved a
number of faults (Fig. 1) with differing activities: some were
previously recognized active faults with a broad range of slip
rates and recurrence intervals (Stirling et al. 2017) while
others were previously unmapped or not recognized as
active structures. The rupture generated ground shaking
(PGA) in excess of 1.0 g horizontal and up to 2.7 g vertical
(Bradley et al. 2017). This ground shaking triggered tens of
thousands of landslides over a 10* km? region of North
Canterbury and Marlborough (Dellow et al. 2017). These
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Fig. 1 Surface fault ruptures of the M7.8 Kaikoura earthquake shown in red. Other major active faults shown in black. Locations of landslide
study areas discussed in text marked by red circles. C Conway; G Glenbourne; W Woodchester

range from minor rockfalls, soil debris flows, slumps, and
rotational failures, to complex rock slope failures and mobile
rock avalanches. The greatest frequency of landsliding was
observed within a 3500 km? region surrounding the fault
rupture (Dellow et al. 2017). Most of the earthquake affected

region is underlain by Torlesse Group greywacke. These
rocks constitute the ‘basement’ of much of South Island.
These materials are extensively tectonised and as such are of
variable bedding geometry but are universally highly frac-
tured. The cover rocks over much of the region are a mix of
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volcanic and poorly-cemented marine sediments of Neogene
age. The former comprise a sequence of basaltic eruptive
facies as well as volcanoclastic deposits. These materials are
often deeply weathered and covered by a thick residual
soil/colluvial sequence. The latter include the Eocene Amuri
Limestone, the Oligocene Motunau Formation and Early to
Middle Miocene Waima Formation. These are found in a
series of uplifted and inverted basin remnants. Through
much of North Canterbury this sequence comprises clay-
stones, siltstones, sandstones and limestones. The clastic
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units all exhibit slaking, often disintegrating within seconds
on contact with water. The limestones show variable bed-
ding thickness and cementation.

As well as being associated with a region of high ground
shaking, a significant number of landslides show close spatial
association with the fault rupture, indicating that surface and
near-surface fault displacement played a part in slope failure
initiation and in determining the geometry and mechanism of
failure (Fig. 2). Three examples of fault-controlled slope failure
are discussed in the following sections.

7/03/2017 4:36:49 p.m.

The landslides shown on this map were generated by the
Kaikoura 2016 earthquake.

The landslide distribution is currently being mapped and not all
of the landslides generated by this earthquake are shown. This
map will be updated periodically as more landslide are mapped.

Last updated 17/02/2017
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Fig. 2 Distribution of landslides from the M 7.8 Kaikdura earthquake
(from Dellow et al. 2017). Note the proximity of the landslide clusters
to the surface ruptures (shown in black). The landslides discussed in

this paper are located in the cluster of landslides around the Humps and
Leader faults (1) and at the junction between the North Leader and
Conway-Charwell faults (2)
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2.1 Woodchester Station

Woodchester Station is the locus of some of the most
complex faulting along the Kaikdura surface rupture trace.
Three major fault structures, the WSW-ENE Emu
Plain-Humps fault connects with the NNE South Leader and
NE Mount Stewart/North Leader fault forming a triple
junction (Fig. 3). This produces a broad complex zone of
faulting across a zone over 1 km in width. The faults cross a
variety of terrain from rolling hills, steeper mountain slopes
and broad uplifted outwash terraces. The underlying bedrock
is a mix of Torlesse basement and Tertiary basin fill, all
overlain by Pleistocene and Quaternary fluvial gravels, sands
and colluvium.

2.1.1 Mount Stewart/Lake Rebekah Landslide

The range front immediately north of the Leader River is the
location of one of the larger, more spectacular landslides
triggered by the earthquake. A southern spur of Mount
Stewart failed, with the resulting slide mass blocking the
Leader River creating the landslide-dammed Lake Rebekah.

The Mount Stewart Slide (Fig. 3) shows a complex
movement geometry, involving planar sliding, rotation,
toppling, and chaotic debris flow activity. The toe of the
landslide is marked by a curvilinear thrust fault, with
up-to-the-north displacement of up to 1.5 m and right-lateral
displacement of 0.5 m. The landslide headscarp is coincident
with the basin bounding fault marking the contact between
the Torlesse basement and the Tertiary basin fill. This fault
can be traced to the northeast as an up-to-the-north thrust
fault with ~4 m of vertical offset. These surface rupture
traces are broadly coincident the previously mapped
Woodchester fault.

According to eyewitness accounts, the Mount Stewart
landslide occurred coincidentally with the earthquake main
shock (D. & R. Kelly, pers. comm. 2017). Extensive ravel-
ing and rockfall continued from the initiation of the failure
up to the present day. The v-notch gully between the head-
scarp and the main slide mass is now filled with extensive
rockfall debris. The magnitude of rockfall activity is linked
to local precipitation (D. & R. Kelly, pers. comm. 2017).

The lower section of the slide mass comprises a mix of
Tertiary marine rocks weathered Torlesse and Torlesse-
derived colluvium. The former failed as a series of discrete
block, bounded by fracture and bedding plane discontinu-
ities. A subsequently wet winter has resulted in this material
slaking and being remobilized in places as debris flows.

The geometry for the slide mass is controlled by the
interaction of the surface-rupturing fault planes, bedding
within the Torlesse basement, and the regional
tectonically-controlled joint sets. The main headscarp is
formed by the intersection of the Mount Stewart/

C. Fenton et al.

Woodchester fault structure and the local bedding attitude
in the Torlesse. From the geomorphology of the intact blocks
within the main slide mass it appears that there is little or no
overall rotation. Thus the basal slip plane is inferred to be a
planar surface allowing predominantly translation. The toe
of the slide mass is coincident with the thrust fault running
parallel to the Leader River (Fig. 3). The toe of the slide is a
chaotic blocky zone within the Greta Siltstone and weath-
ered Torlesse greywacke. The disaggregated nature of this
part of the landslide is a function of the poor rock mass
quality (highly fractures, thinly bedded, and weakly bonded)
of the siltstone. The weathered greywacke shows similar
rock mass quality. The thrust fault at the toe of the landslide
is coincident with a broader bedrock fault zone. The recent
rupture uses a combination of the bedrock fault and
layer-parallel slip to develop the observed curvilinear
geometry. Recently exposed bedrock exposures, created by a
series of outburst floods as Lake Rebekah and a lower
‘stilling basin’ lake have overtopped and down cut through
the slide mass, show the fault zone to be a series of steeply
dipping planes and cataclastic zones striking approximately
070°. This is flanked by fractures with spacing of 0.5-2.0 m.

2.1.2 Leader River Terrace Landslides

The terrace margin along the southern side of the Leader
River shows evidence of ongoing slope instability. Several
generations of landslide are evident from the ‘bite mark’
edge of the terrace margin (Fig. 3). At the western end of the
terrace the Kaikoura earthquake has triggered renewed
movement on a planar block slide, creating a head scarp up
to 4 m high. This scarp is fronted by a series of open fissures
and a small graben-like structure. This linear scarp is
approximately parallel to the Mount Stewart thrust fault, but
truncates several WNW-trending fault traces crossing the
Woodchester terrace surface (Fig. 3). A series of uphill
facing scraps on the downslope part of the slope indicates
sackung or toppling failure. The headscarp was an existing
feature, marked by a prominent step in the terrace surface
(D. Kelly, per. comm., 2017). The western margin of the
slide is bounded by the main trace of the Humps fault as it
extends west from Woodchester (Fig. 3).

2.1.3 Eastern Stanton River Tributary Landslides

South of Woodchester, the South Leader Fault runs
north-south and crosses an area of undulating topography
(Fig. 3). This section of the fault rupture displays predomi-
nantly dip-slip behavior, with a mix of reverse and normal
offset. The former also include a component of left-lateral
displacement, as would be expected by the regional tecton-
ics. The latter is a manifestation of hanging wall deformation
above a blind reverse fault. This deformation creates a broad
damage zone, with the amount of displacement varying from
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Fig. 3 Landslides and surface rupturing faults at Woodchester Station,
Hurunui District. Top Left: Orthophoto showing the faults (red) and
major landslides (green). The Mount Stewart landslide that dammed the  rupture disappearing into the slide mass center-left

Leader River forming Lake Rebekah is the largest slide mass. Top
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as much as 3.5 m to less than 0.1 m on individual fault
traces. In addition, the displacement on individual traces
varies significantly along strike. This section of the fault runs
through an extensive zone of slope movement. In a number
of areas it becomes difficult to distinguish fault related
ground deformation from ground disturbance resulting from
slope movement. As well as issues for fault location, this
also raises uncertainty in the determination of fault slip at
any one location. The location of fault traces is important for
local planning regulations in New Zealand (Kerr et al. 2003).

The linking faults between the northern end of the South
Leader fault and the Woodchester Terrace fault traces tra-
verse an area of undulating topography where most slopes
are affected by shallow landslides occurring at the
colluvium-bedrock contact. The morphology of many of
these slides mimic the fault related features noted elsewhere.
In particular the toe regions of these slope failures display
ground deformation that is difficult to distinguish from low
angle reverse faulting (Cotton 1999).

The largest fault trace along the South Leader fault, the
3.5 m high ‘Waiau Wall’ terminates at its northern end as a
series of fault splays, forming a damage zone up to 100 m
wide. This is coincident with a zone of shallow slope
movement on a south-facing hillside. At this location it is not
clear whether the observed surface deformation is reflective
of differential movement within a shallow landslide, or
whether the fault has ruptured through and reactivated an
existing landslide.

To the South, the South Leader fault trace drops into an
eastern tributary of the Stanton River. This north-south
trending valley has steep sides incised into the softer Tertiary
marine cover rocks. The valley walls have been affected by a
large number of slope failures, including rotational failures,
large volume rockfalls and slumps (complex failure mech-
anism or failure mechanism not clear). To date mapping of
the fault trace along this section of the fault has been
problematic, as the suspected fault trace location along the
valley floor is coincident with the toes of several landslides.
The reverse and reverse-oblique displacement along this
section of the fault produces similar ground deformation to
the contractional toe regions of many of these landslides

2.2 Glenbourne Farm Landslides

At Glenbourne Farm the ENE Emu Plain-Humps fault
moves from the subdued topography of the northern part of
the Amuri Plain to the upland of The Humps (Fig. 4). The
fault changes from being predominantly right-lateral
strike-slip to reverse, north side up. This is coincident with
a subtle fault bend. At this point the fault zone increases in
width and, combined with the local topography, indicates
that Glenbourne is the locus of a releasing fault bend. At this
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location the fault zone is approximately 1.1 km wide. This is
also the locus of extensive landsliding. In this area there is a
mix of incipient slope failure (open fissures, and
rockfall/toppling) in an area with evidence for past slope
movement (hummocky ground; debris fans). The open fis-
sures are coincident with or parallel the local surface-
rupturing fault trends. The mechanism of landsliding at this
location has not been investigated in detail, however the
straight map traces of the fissures across areas of irregular
topography indicates that the detachment planes are steep to
vertical and planar in nature. It is inferred that the extensive
localized fracturing of the bedrock within the area as a result
of the fault geometry leads to a relatively disaggregated,
weak rock mass, which coupled with the sudden steepening
of the topography, results in enhanced landsliding.

2.3 Conway-Charwell Fault Landslides

Immediately to the west of the Conway River, the NE North
Leader fault connects with the Conway-Charwell fault.
This ENE fault rupture segment extends for about 4 km and
shows predominantly reverse (up to 1.7 m up-to-the-north)
displacement with a subordinate right-lateral component.
This fault trace runs parallel to the main trace of the Hope
fault, the major right-lateral plate boundary fault in the
region. Although there was no recognized displacement on
the Hope fault at this location, the Conway-Charwell fault
dips steeply to the northwest, and therefore likely merges
with the Hope fault at a relatively shallow depth. Where the
Hope and Conway-Charwell faults cross the Conway River a
series of landslides have been triggered in both bedrock and
the overlying outwash gravels (Fig. 5). As the fault crosses
the river the mapped traces indicate a narrow left-step in the
fault geometry. On the western bank of the river a planar
slump failure has detached along one of the main traces of
the Hope fault (Fig. 5). The headscarp is a planar detach-
ment trending ENE. Along the east bank of the surface
rupture on the Conway-Charwell fault acts as a detachment
for a series of planar slides and topples within the terrace
gravels and the underlying Torlesse bedrock. Movement on
these slopes has given rise to accentuated vertical expression
along a number of fault traces.

3 Fault Control on Landslide Geometry and
Landslide/Fault Recognition

From this preliminary investigation of landslides related to
the Kaikoura earthquake it is clear that bedrock geometry
controls the mechanism and extent of deeper-seated land-
slides. The discontinuity geometry is a function of the tec-
tonic history, and in the near fault environment, the
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Fig. 4 Landslides and surface rupturing faults at Glenbourne Farm, 2: shallow failure at the bedrock-colluvium contact bounded by fault
Hurunui District. Top: Orthophoto showing the fault rupture (red). traces. 3: deep-seated rotational failure bounded by surface fault traces.
Areas of major slope movement are numbered. 1: incipient failure, open  Bottom: View looking NE across Glenbourne showing reactivated
fissuring and dilated rock mass. Fissures subparallel to the fault traces.  landslide in the foreground
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Fig. 5 Landslides and surface rupturing faults at Conway Station. Hope fault at this location. 2: broad complex zone of landsliding
Top: Orthophoto showing the fault rupture (red). Areas of major slope  coincident with a prominent left step in the Conway-Charwell fault.
movement are numbered. 1: The Cloudy Range landslide detached Bottom: View looking SW across the Conway river to the Cloudy
along a trace of the Hope fault. No surface faulting was found on the = Range landslide. The headscarp is a trace of the Hope fault
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frequency and geometry of fault-related discontinuities are
the predominant controlling features. In immediate near-fault
locations, within the surface faulting damage zone, the main
fault rupture plane acts as a slip plane or releasing structure.

In other areas, the bedrock fault propagates through
overlying colluvial and fluvial materials and controls the
extent and style of shallower soil slope failures. In these
areas it can be difficult to distinguish between fault-related
and landslide-induced ground deformation. Although the
criteria of Cotton (1999) can be useful for distinguishing
between the two, the complex nature of faulting though
much of the region, especially in fault linking regions such
as Woodchester where there may be a mix of both dip-slip
and lateral fault movement, often partitioned onto adjacent
fault traces, makes this somewhat problematic. The failure to
distinguish between the two can lead to misidentification of
hazards, and the potential to misrepresent tectonic strain.
This has implications for local hazard planning (fault
avoidance zones) and seismic hazard source characterization
and modelling.

4 Conclusions

The Kaikoura earthquake triggered a multitude of landslides
over an extensive region of the upper South Island New
Zealand. In the immediate vicinity of the fault rupture it is
noted that the primary fault rupture, the broader fault damage
zone, and a number of fault related discontinuities are
involved in the slip surfaces or other releasing structures in a
number of earthquake-triggered landslides. These include
first-time and reactivated failures. The former are mainly in
bedrock while the latter are predominantly soil slope failures
occurring at rock head. The close spatial association of many
landslides with the surface rupture leads to difficulty in
accurately distinguishing the contribution of fault deforma-
tion from ground disruption resulting from slope movement.
This has implications for fault hazard mitigation in terms of
determining fault avoidance zones and also in fault charac-
terization for seismic hazard modelling. The proximity of
many of the larger landslides to the 2016 surface fault rup-
ture (Dellow et al. 2017) will also bear careful examination.
Parametric studies investigating fault-landslide distance and
the influence on other landslide parameters including
geometry, including depth to slip plane, and landslide
magnitude-frequency relationships will hopefully lead to
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greater understanding of the hazard posed by
earthquake-triggered landsliding in alpine terrain.
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Abstract

Nearly thirty ground collapses were registered in the
northwestern district of Moscow in 1960-1970s. These
catastrophic phenomena were triggered by the intense
technogenic intake of groundwater from the Carbonifer-
ous aquifer, which caused the downward migration of
Quaternary sand to the underlying karstified limestone of
Carboniferous age. Since those years, the northwestern
district of Moscow has been considered to be particularly
prone to Kkarst-suffosion phenomena. IEG RAS has
collected a substantial database on sinkholes of different
origin that occurred in Moscow since the early 20th
century. Using this database, we attempted to identify
sinkholes of karst-suffosion origin in other districts of
Moscow. Our research procedure included the following
stages: analysis of engineering geological conditions
around the sinkholes using the borehole data obtained
in different years and stored in the IEG RAS database;
calculation of possible sinkhole diameter using the
original computational models; comparison of calculated
to actual sinkhole diameters. This approach permitted us
to identify the collapses in the historical center of
Moscow as of karst-suffosion origin. This unexpected
conclusion contradicts with the former boundaries of
regions showing the different degree of karst-suffosion
hazard outlined on engineering geological maps earlier.
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1 Introduction. Collapses and Ground
Subsidence in Moscow

Cases of collapses and ground subsidence in Moscow are the
manifestation of suffusion process, which develops in the
water-saturated sand lying at the top of the geological
cross-section. The downward suffosional transportation of
sand may arise from both technogenic and natural reasons: it
may develop at the contact between the walls of improperly
sealed subsurface facilities and a ground massif (technogenic
suffosion); it may also go along natural fissures into karst
cavities in the underlying limestone (the so-called
karst-suffosion process). At the preliminary stage of sink-
hole development, the decompaction zone forms in sand.
This zone may stay in the massif for a long time until some
external factors disturb its equilibrium to make the massif
unstable. The intense water percolation upon snow melting
and heavy rains is one of such factors. Most of ground
deformations are known to happen in Moscow in spring and
summer.

Human-induced (technogenic) suffusion disturbs a loose
soil structure in a relatively small ground volume, i.e., in the
immediate vicinity of the subsurface engineering facility;
whereas the natural karst-suffosion process spreads over the
entire sandy-clayey massif covering a karst cavity or a
karstified zone in the limestone massif. It appears rather
difficult to tell karst-induced collapses in the area of covered
karst from the collapses of other kind. However, it is very
important to outline the zones of intensified karst-suffosion
in the city in order to assess the risk of probable economic
loss and to set special requirements and constraints on the
urban territory use.
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2 The Registered Cases of Karst-Suffosion
in Moscow

In 1960-1970s, about 30 large collapses happened in the
northwest of Moscow. Some of them resulted in deforma-
tions and ruining of buildings. Many researchers (Anikeev
2002; Khomenko et al. 1986; Kozliakova et al. 2015;
Kutepov and Kozhevnikova 1989; Kutepov et al. 2011)
studied these collapses comprehensively. Numerous bore-
holes were drilled through the sandy-clayey horizons over-
lying the karstified Carboniferous limestone massif to
penetrate the latter for more than 10 m. The composition,
state, and properties of rocks were studied in detail. Several
generations of river erosion influenced the geological fea-
tures at the sites subjected to Kkarstic collapses, i.e.,
prelJurassic, preQuaternary and modern river networks are
superposed at these sites (Fig. 1). The buried surface of
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karstified terrigenous-carbonate Carboniferous deposits is
very rugged, and the stratigraphy and lithology of the
overlying Meso-Cenozoic sandy-clayey horizons vary sig-
nificantly by the depth and the strike.

These collapses are considered to result from the inten-
sified karst-suffosion due to the intense technogenic water
intake from the Carboniferous aquifer. In general,
karst-suffosion process involves the destruction of imper-
meable Jurassic clay dividing the Quaternary groundwater
aquifer from the confined Carboniferous aquifer under the
impact of hydrodynamic pressure and the inflow of sand to
the underlying karstic limestone. In the areas with no
Jurassic clay divide (where the sand layers overlie the
limestone massif immediately), the sand is washed out
directly to karstic cavities and fractures.

Since 1970s, the assessment of karst-suffosion hazard has
become an obligatory requirement upon civil construction in
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Fig. 1 Geological cross-section in the northwest of Moscow. Holo-
cene: l—technogenic deposits; 2—alluvial deposits of river channel
and flood-plain; Middle NeoPleistocene: 3—alluvial-fluvioglacial
deposits of the 3rd terrace above the floodplain (Khodynskaya terrace);
interglacial deposits of Donskoi-Moskovskii horizons: 4—fluvioglacial
deposits of Donskoi horizon; 5—glacial deposits of Donskoi horizon; 6
—fluvioglacial and lacustrine-glacial deposits; 7—Ilacustrine-glacial
deposits; 8—alluvial and fluvioglacial deposits. Jurassic system. Upper
series: 9—Tithonian stage; Middle-Upper series undivided: 10—

Callovian and Oxfordian stages. Middle series: 11—Bathonian and
Callovian stages undivided. Carboniferous system. Upper series.
Kasimovian stage. Dorogomilovskii horizon: 12—Perkhorovskii mas-
sif; Khamovnicheskii horizon: 13—Neverovskii massif; 14—Rat-
mirovskii horizon; 15—Voskresenskii massif; Middle and Lower
series undivided: 16—Moscovian stage and Suvorovskii horizon.
Lithology: 17—fill; 18—sand; 19—loam with gravel; 20—interbed-
ding sandy loam, loam and sand; 21—clay and loam; 22—limestone
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Moscow. In 1984, “The guide on projecting buildings and
engineering structures in the Moscow districts prone to karst
and suffosion” was published (GlavAPU 1984). This Guide
sets three main criteria of the karst-suffosion hazard: (1) the
registered cases of actual collapses and ground subsidence,
(2) the thickness of impermeable clay layer less than 10 m
(or its absence), and (3) the gradient of the downward
seepage of groundwater through the impermeable clay
divide more than 3 (dimensionless value). The mathematical
methods for calculating the probable diameters of possible
karst-suffosion sinkholes are developed by Russian experts
(Anikeev 2002, 2006, 2012; Khomenko et al. 1986).

In 1987, a large sinkhole was registered in the Tukha-
chevskii street in the northwest of Moscow. It was drilled by
boreholes in detail and it was identified to be of
karst-suffosion origin. However, this sinkhole was the last
one studied and known to be induced by the presence of
karstic limestone deposits in Moscow. Since then, although
ground collapses happened regularly not only in the north-
western district but also in other regions of Moscow, they
were not studied by engineering geologists.

3 Karst-Suffosion Hazard

Three categories of karst-suffosion hazard are distinguished
in Moscow: (1) hazardous category covers areas, where
the collapses of Kkarst-suffosion genesis are registered;
(2) potentially hazardous category outlines regions,
where no collapses are registered but they are possible; and
(3) regions of nonhazardous category, where collapses are
almost excluded. Within these regions of non-hazardous
category, the karstified carbonate rocks are separated from
the overlying sand by a clay layer thicker than 10 m. The
maps of karst-suffosion hazard show the distribution of three
categories of karst-suffosion hazard by the Moscow territory.
Different researchers built the maps of this kind to a scale
1:50,000 and smaller (Osipov and Medvedev 1997). In
2009, we compiled the large-scale map of karst-suffosion
hazard (a scale of 1:10,000) for the whole Moscow territory
on the basis of processing a huge amount of archive borehole
data. In this map, the regions of hazardous category cover
about 1% of the entire city territory, and that of potentially
hazardous category, 16% (Kutepov et al. 2011).

Most researchers, who come across the problem of
assessing the hazard of karst-related collapses in Moscow,
ask the question: “Why did these collapses happen only in
the northwest of the city and why did not they happen
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anymore after 1987?” However, the most probable expla-
nation of this paradox is that the sinkholes were not studied
any longer after 1987. In order to resume the normal oper-
ation of urban facilities, the municipal services have to
backfill quickly the newly formed sinkholes. Sinkholes were
not analyzed in 1990s-2000s because of the lacking city
budget, since drilling deep boreholes (which could penetrate
the karstified Carboniferous massif) as well as geophysical
survey, etc., are rather costly measures. However, the
researchers at the Sergeev Institute of Environmental Geo-
science RAS (IEG RAS) have compiled a digital computer
database of spatially linked boreholes supplemented by the
scanned copies of original borehole records. This database
helps us to obtain comprehensive information about the
geological structure of the collapsing site without carrying
out any special field investigations and observations. We
have also collected many data about sinkholes starting from
the beginning of the 20th century until nowadays. This
allows us to perform the retrospective analysis of some
collapse sites in order to classify their genesis.

4 Cases of Karst-Suffosion Collapses

We tried to recognize the cases of karst-suffosion sinkholes
in the Moscow districts, which are regarded as potentially
hazardous areas. This research included the following steps:
(1) study of engineering geological conditions around the
collapse proceeding from the analysis of the nearest bore-
holes of different years stored in the geoinformational
database at IEG RAS; (2) calculation of the probable
diameter of karst-suffosion sinkhole using special models;
(3) comparison of the calculated to the actual sinkhole
diameter.

We investigated 23 collapses that happened in the Mos-
cow center in 2011-2015 and that were not induced by any
obvious technogenic reasons. In nine cases, we managed to
get the reliable engineering geological data from the neigh-
bor archive boreholes. For these sinkholes, the effective
diameters were calculated using the mathematical models
developed by Dr. A. V. Anikeev for the coherent and
incoherent soils overlying the weak rock massif (Anikeev
2006, 2012). In five cases, the calculated diameters almost
coincided with the actual sizes of sinkholes. Taking into
account that asphalt pavement prevents the natural devel-
opment of the karst-suffosion process and usually reduces
the diameter of the surface sinkhole (as compared to that of
the cavity beneath the roadbed pavement), we adopted up to
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Fig. 2 Summary geological
column of the collapse site in the
Balchug street (November 27,
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2014), compiled by the archive
data

3,0

Brown sandy loam, with admixture of sand and
fragments of concrete, bricks, and wood chips,
compressed, wet

1,0

Brownish dark gray loam, with admixture of sand,
gruss, and wood chips, compressed, wet.

L
tH //
- /3 "7
e
d o

1,0

Yellowish brown sandy loam, with frequent sand
interlayers, plastic, wet

aH

1,0

Dark brown loam with sand interlayers, ferrugination
mottles, soft plastic

6,0

Brown sand of medium particle size, with sandy loam
interlayers, gruss and gravel, low dense, water
saturated, with phosphorite pebble in the foot of the
horizon

0,8

Yellowish and light gray limestone, dolomitized,
ruined to powder and gruss, with the admixture of
Quaternary sand, of low strength, aquiferous

C3pr

0,9

Light gray and yellowish limestone, dolomitized,
highly fractured, of low strength, aquiferous

30% allowed error for the calculated and actual sinkhole
diameters.

In addition to calculation, we have analyzed the lithology
in borehole records thoroughly in order to find any signs of
suffusion development in the sandy massif. These signs may
involve the presence of decompacted zones in a sandy
massif or the admixture of Quaternary sand in the filler of
karst cavities. See, for example, the case of collapse site in
the Balchug street, Moscow (Fig. 2). In addition, a thick
layer of technogenous deposits in this site may witness in
favor of now backfilled former sinkholes and ground sub-
sidence there. In the roof of carbonate massif of Carbonif-
erous age, limestone is usually disintegrated or highly

fractured. A rock massif contains fragmentary zones of var-
ious size (stretching for 1-10 and more m), voids and frac-
tures. The carbonate massif structure is favorable for the
possible suffosional inflow of sand there. No large cavities
are registered in the carbonate massif.

We found that sinkholes of karst-suffosion origin are
associated with the floodplain and the terraces of the Mos-
cow River, where the ancient buried preQuaternary river
network is traced (Fig. 2). Natural hydrogeological condi-
tions have been transformed there by engineering water
drawdown. As a matter of fact, the engineering geological
conditions in this site are very close to those in the northwest
of Moscow (Fig. 3).
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Fig. 3 Fragment of the map of karst-suffosional hazard in Moscow.
Designations: hazard categories: 1—nonhazardous, 2—potentially
hazardous, 3—hazardous. Other designations: 4—thalwegs of

5 Conclusion

The research proved that cases of surface collapses and
ground subsidence in Moscow may be successfully inves-
tigated using the archive geological data stored in GIS
database. Our investigation allowed us to reveal and to
outline one more karst-suffosion-prone district in Moscow,
in addition to the northwestern district known as hazardous
earlier. For experts in assessing geological hazards in Mos-
cow this result may appear to be rather unexpected and even
disputable. It impels us to revise the boundaries of hazard
categories in the maps, which are used now in engineering

preQuaternary buried river channels; 5—the site of newly registered
sinkholes of karst-suffosion genesis

geological survey. Further studies in this direction, for sure,
will reveal other sinkholes of karst-suffusion genesis in
Moscow.
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Abstract

Land subsidence in coastal regions of the world is a
common occurrence. In large metropolitan areas such as
Bangkok, Thailand, and Houston, USA, land subsidence
occurs as a direct result of groundwater withdrawals for
municipal supply, industrial use, and irrigation that
depressurize and dewater aquifers. The impacts of
subsidence are exacerbated in both cities because of flat,
low-lying topography and the presence of unconsolidated
clay layers that exist in the aquifer sediments and are
prone to compaction. The compaction of these sediments
leads to land-surface subsidence, which increases flood-
ing risk and leads to infrastructure and engineering
problems. The aquifers in Bangkok are divided into 8
water-bearing units with the Upper Bangkok aquifer (20—
30 m thick) being the principal aquifer. In the Houston
region, two primary aquifers, the Chicot and Evangeline
aquifers (200 and 500 m thick, respectively), comprise
the Gulf Coast aquifer system and are susceptible to
compaction, with 111.13 cm (1974-2017) and 47.98 cm
(1973-2017) of cumulative compaction recorded at the
Addicks and Seabrook extensometers, respectively. In
both cases, compaction in the aquifer-systems has
occurred for decades as groundwater levels declined.
Scientific advancements in data collection, analysis, and
communication have helped policymakers implement
various management strategies with groundwater use
becoming even more crucial as population increases.
Both the Thailand Department of Groundwater Resources
and U.S. Geological Survey have more than 40 years of
subsidence data to compare how data is collected and
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analyzed within their respective areas. This paper will
illustrate scientific efforts to study subsidence in Bangkok
and Houston by correlating data of long-term groundwa-
ter withdrawals and cumulative sediment compaction and
then comparing resulting policy changes.

Keywords
Subsidence ¢ Aquifer « Compaction * Bangkok
Houston

1 Introduction

Both Bangkok and Houston rank among their respective
country’s largest metropolitan areas. Permanent subsidence
has occurred in both cities following decades of heavy
groundwater pumping for agricultural, industrial, and
municipal use. Though in different parts of the world, land
subsidence is a challenging and costly urban hydrogeologi-
cal hazard, with both regions addressing the issue differently
from both scientific and policy perspectives. In general, the
aquifers in Bangkok and Houston are comprised of multiple
stratigraphically stacked sequences of clay and sand layers,
and as groundwater is withdrawn, the entire aquifer com-
pacts leading to a decrease in land-surface elevation, or
subsidence. In coastal areas that have low topographic relief,
this can permanently inundate an affected area or make it
more flood-prone. Additionally, in inland areas, subsidence
also changes preexisting surficial drainage patterns, making
these areas susceptible to flooding. However, continued data
collection, improvements in scientific techniques, and les-
sons learned from global cases have improved the under-
standing of the causes and effects of subsidence, leading to
better approaches to construction practices, flood control,
and regional policymaking.
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2 Hydrogeologic Settings

2.1 Bangkok, Thailand

Bangkok is located in the Central plain of Thailand, known
as the Lower Chao Phraya Basin (Fig. 1). The basin is
comprised of Tertiary clastic sediments with fluviatile and
deltaic deposits. The Lower Chao Phraya basin is approxi-
mately 175 kilometers (km) wide and 200 km long. The
surface formation is Holocene marine clay, known as the
Bangkok Clay with thicknesses ranging from 20 to 30 me-
ters (m). There are 8 confined sand and gravel aquifers in the
basin interbedded with clay layers ranging from 5 to 20 m
thick (Fig. 2). Most of the groundwater withdrawals in
Bangkok are from three principal aquifers: Phra Pradang
(PD), Nakhon Luang (NL) and Nonthaburi (NB) (100, 150
and 200 m below land surface (bls), respectively). Ground-
water flows from Ayutthaya in the north through Bangkok to
Samut Prakan in the south. Hydraulic properties vary
between the PD, NL, and NB aquifers with average trans-
missivities of about 24, 17.2 and 19.2 m*/day, respectively
and specific storages of about 9.49 x 107 (PD),
9.58 x 107> (NL), and 2.44 x 10> (NB).

A. Fuangswasdi et al.
2.2 Houston, Texas

The Houston metropolitan area, is located in the southeast-
ern part of coastal Texas in the United States of America,
and encompasses about 28,490 square kilometers (km?)
(Fig. 3). The Chicot and Evangeline aquifers are part of the
Gulf Coast aquifer system and are composed of unconsoli-
dated and laterally discontinuous deposits of gravel, sand,
silt, and clay. The youngest and uppermost aquifer, the
Chicot aquifer, consists of Holocene- and Pleistocene-age
sediments, and the older, underlying Evangeline aquifer
consists of Pliocene- and Miocene-age sediments. The
greatest thickness of the stacked sequences of sediments
comprising the Chicot and Evangeline aquifers are located
along the Gulf Coast and are as thick as about 366 m and
about 1097 m, respectively (Fig. 4). The updip limit of the
Chicot aquifer crops out closer to the coast than the Evan-
geline aquifer outcrop. These two aquifers are hydraulically
connected without a confining unit separating them, and
because of this hydraulic connection, water-level changes
that occur in one aquifer can affect water levels in the
adjoining aquifer (Kasmarek et al. 2009). Hydraulic prop-
erties of the Chicot aquifer do not differ appreciably from the
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Fig. 1 Location of the Lower Chao Phraya Basin, Bangkok, Thailand
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cross-section of the eight aquifer
systems (Ayutthaya to Samut AYUTTHAYA EATEE T TEAN lBANGIKOK |

Prakan), Bangkok, Thailand 0 1 v = " ] T o —
(modified from Ramnarong and e <=

Buapeng 1992). These depths
refer to the approximate bases of
each of the different aquifers

Bangkok Aquifer ( 50 m. Zone)
Phra Pradaeng Aquifer ( 100 m. Zone)
Nakhon Luang Agquifer (150 m. Zone) .
Nonthaburi Aquifer ( 200 m. Zone) e .
Sam Khok Aquifer (300 m. Zone) SOUTH
Phaya Thai Aquifer ( 350 m. Zone)

Thonburi Aquifer ( 450 m. Zone)

Pak Nam Aquifer ( 550 m. Zone)

Fig. 3 Location of the Houston
metropolitan area, Harris County,
Texas, USA

" Note: Aquifer data from Strom and others, 2003a;

e . Kasmarek and Robinson, 2004
Blarse from LS. Geological Survey digital data, 1:100,000 (1] 8 16 MMLES
Universal Transverse Mercator projection, Zone 15 I — - |
North American Datum of 1983 0 ] 16 2MKLOMETERS



54 A. Fuangswasdi et al.
o Iq—Tarnar\r outcrop- | 1] y outcrop d g
NORTHWEST Chicot aquifer outcrop 1 SOUTHEAST
ol HARRIS COUNT.Y 1
400 _ (HOUSTON AREA) I GALVESTON COUNTY _ 4400
_ Approximata land surfaca "
T

400 - See {Holocene- andgPleistocene-age sediments) [~ 400

800 L s00
41,200 < — 1200
1600 - L 1,600
2000 - L 2000
2400 L 2400
2800 — L 2800
3200 | L 2200
3600 - L 3500
4,000 o %’e-% — 4000
- GRI.\[Ei cE:Lwn %%% 44
4,800 | - MONTGOMERY COUNTY OQ%O 4800
5200 fa e L 5200
e ke e
6000 WALLER COUNTY J_,,;;z - 6p0a
G400 — GALVESTON COUNTY / e
-6.800 & 0 4 8 12 IGMIES - 680
7200 - NAVD 88, North American Vertical Datum of 1268 | e e e \ L 7200
7o L VERTICAL SCALE GREATLY EXAGGERATED | se

Fig. 4 Hydrogeologic section A—A’ of the Gulf Coast aquifer; the area bound in red represents Harris County, which encompasses Houston,

Texas (modified from Baker 1979)

hydrogeologically similar Evangeline aquifer. Aquifer-test
data estimate that the transmissivity of the Chicot aquifer
ranges from 280 to 2300 m*/day, and that the transmissivity
of the Evangeline aquifer ranges from 280 to 1400 m*/day.

3 Historical and Current Subsidence
and Compaction Issues

3.1 Bangkok, Thailand

Groundwater development for public supply in Bangkok
began in 1954 with extraction of 8360 cubic meters per day
(m*/day). By 1982 the withdrawal rate for public supply had
increased to 450,000 m3/day. In 1959, water levels were
about 4-5 m bls in Eastern Bangkok and 12 m bls in Cen-
tral Bangkok. After 1967, large drawdowns occurred in
Eastern Bangkok, with the lowest water level of 30 m bls
occurring in the NL aquifer in Central Bangkok and the
eastern suburbs. From 1959 to 1982, water levels in the NL
aquifer declined by 50 m in central Bangkok and in the
eastern suburbs (Fig. 5).

The Thai Groundwater Act was established in 1977, and
the Department of Groundwater Resources (DGR) is tasked
with regulating the use of groundwater, protecting natural
resources and public health, and alleviating land subsidence.

The main purpose of this law is that groundwater is a public
asset, and anyone who wants to drill for and use ground-
water must apply for relevant permits from the
Director-General of the DGR. In addition, the regulation
provides three different types of permits for the following
purposes: (1) drilling, (2) groundwater extraction, and
(3) discharging water into a well. In 1983, 3 critical zones
were established: critical zone 1, with subsidence rates over
10 cm/year, critical zone 2, with subsidence rate between 5
and 10 cm/year, and critical zone 3, with a subsidence rate
of less than 5 cm/year.

In 1992, a second revision of the Groundwater Act was
enacted to designate areas as where no pumping was allowed
within particular critical zones in order to control
land-subsidence in the Bangkok metropolitan area. The third
revision of the Groundwater Act in 2003, provided DGR the
authority to create the Groundwater Development Fund that
incorporated groundwater tariffs and conservation taxes. The
proceeds from this fund were allocated for groundwater and
environmental studies and research. Groundwater tariffs
were first introduced in 1984 charging 1-3.5 baht/m®. From
2000 to 2004, areas designated as critical zones received a
groundwater tariff increase from 3.5 to 8.5 baht/m’. For
larger groundwater users such as factories, the groundwater
tariff was higher ranging from 9.5 to 12.50 baht/m’ in 2005
to 17 baht/m’ in 2006.
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The 10-year (1978-1988) cumulative subsidence of
Bangkok and adjacent vicinities ranged from about 10 to
70 cm, with the greatest subsidence observed in eastern
Bangkok. The 27-year (1978-2005) cumulative subsidence
ranged from about 10 to 105 cm (Fig. 6). The first cadastral
survey of surface elevation in Bangkok was conducted in
1978 by the Royal Thai Survey Department. Subsequent
cadastral surveys discovered varying amounts of land sub-
sidence in the area, and in recent years, the rate of subsi-
dence has stabilized.

3.2 Houston, Texas, USA

Groundwater withdrawals from wells began in 1891 in the
region and has been extensively relied upon for uses such as
irrigation, public supply, commercial, and industrial
demand. During 1906 to 1943, there was localized

100" 45 HCTREY &

o ¥ 1V 45

(d) Year 1982

subsidence caused by extraction of oil and gas and
groundwater withdrawals for public supply that depressur-
ized and dewatered the sediments in the Chicot and Evan-
geline aquifers, causing more than 1.0 m of subsidence in
some locations (Coplin and Galloway 1999). By 1976,
continued reliance on groundwater had increased with-
drawals to as much as 1.75 m*/day, and by the mid-1970s,
more than 1.8 m of subsidence had occurred in some loca-
tions. By 1979, as much as 3.0 m of subsidence had
occurred in the southeastern portion of the study area, and
about 8290 km? had subsided at least 0.30 m (Kasmarek and
Ramage 2017).

Indicators that subsidence was occurring in the study area
were realized through time, such as inundation of man-made
structures within topographically low lying coastal areas,
increased flooding, problems caused by compromised
structure foundations, damaged infrastructure, and led to the
establishment of the Harris-Galveston Subsidence District
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(HGSD) by the 64th Texas State Legislature in 1975.
HGSD’s directive was to regulate and reduce groundwater
withdrawals in  Harris and Galveston Counties
(Harris-Galveston Subsidence District 2013). Similarly, the
Fort Bend Subsidence District was created in 1989 with the
same directive as HGSD (Fort Bend Subsidence District
1990).

4 Scientific Data Collection and Water
Management Policy Changes

4.1 Bangkok, Thailand

Extensometers and groundwater observation stations have
been setup in 750 locations throughout Thailand. Locations
of groundwater observation wells in the Lower Central Plain
are shown in Fig. 7. The main objective of the extensome-
ters and groundwater observation stations is to collect sci-
entific data and to use these data to respond to many
environmental issues, including land subsidence. Six
extensometers were established to detect compaction rates in
the Bangkok area. The results from these data are used to
detect and document land-surface-elevation changes and to
determine the relation between water level changes and the
rate of subsidence.

Data from Observation Wells

Observation wells were installed by the Department of
Mineral Resources in order to measure and monitor the
water level in each principal aquifer. The correlation
between water level decline and the rate of subsidence from

M ATE LS D TE 10045 E

(b) Year 1978 - 2005

1978 to 2008 is shown in Fig. 8. The water level in PD
aquifer (100-m zone) declined about 3-m with a subsidence
rate of about 40 cm (subsidence rate of 9.72 cm/year in
4 years). In 1984, after introducing the tariff of 1 baht/m3,
the water level recovered by about 5 m in the PD aquifer,
8 m in the NL aquifer, and 10 m in the NB aquifer. As a
result, the total rate of subsidence had decreased from 9.72
to 2.16 cm/year. However, from 1991 to 1998, groundwater
demand increased during a period of economic and indus-
trial growth, and water levels continued to decline, in spite
of the introduction of a 3.5 baht/m? tariff increase in 1994. In
2000, after increasing tariffs to 8.5 baht/m>, water levels
substantially recovered and the subsidence rate decreased to
1.30 cm/year. Currently (2017), subsidence in the Bangkok
area is primarily caused from building loads and seawater
encroachment.

4.2 Houston, Texas, USA

Prior to 1975, the USGS started building a groundwater-
monitoring network that was mostly located in Harris and
Galveston Counties. Subsequently, two initial water-level-
altitude maps of the Chicot and Evangeline aquifers were
created in 1977 using water-level measurements from simi-
larly screened wells in Harris and Galveston Counties. Initial
altitude maps indicated the water-levels ranged from about
76.2 to 91.4 m bls in the Chicot and Evangeline aquifers
(Gabrysch 1979), respectively, in parts of the Houston area.
After the creation of HGSD in 1975, the USGS began to
progressively expand the network to include water wells in
the nine adjacent counties.



Addressing Subsidence in Bangkok, Thailand and Houston, Texas ...

5 PPASOE 100°00°E 100°1S0°E 100°300°E 100°450°E 101°00°E
> O . .
2 N { a1,
s . &\
Legend Je
e Observation well | )~
& "\_ &= Ang Thong
o Y [ 240] v
£| = R -
5- 5
& 3 __Suphan
- £ /o3 51
s ~
Y : B
21, U THONG .
- (=i ,
2 342 ) { b
en® @ ' {
¢ s e 3 o™ s ¢
2 X b . L&
% ! / © | g | Nakhon NayoH =
= / em oV m _ -
( .r" I'l!B ’
43 oD . -
o | e ° e _ ° ® \
| 5 7 o Jm @\
B h {0 oG LUAN
z [chanaburi \ [ @ L A e /e J’"l'i'h"" THANYRBURI z
l;_ om \ . @ ® m \\ o N : , "‘-( b
g —— gm | & s ‘ Pathum Thani e B
2\ : 0 ¢ XD N gy - v,
R IT T S e
b e ™ — . Nonthaburi
A oin e Nakhon Pathom 1"—,’ NontRaburzng o
~ ~r’ @B P - T S S SR
5 ma o/ nerros ; » = ,  Bangkok
: - "’a. " . \ [ L g —
= & e T )
WSS < e £
I 53] ‘F ‘o N h s -
wr -
/ © - e © .ﬁ gn  Samut Prakan
(= ol poTo
> [e] (i
z Ratchaburi N Samut Sakhon @ ]
A
ED \ - ® 3433 ® Y e
4 e
= $ m ML mkd 1 [ 1 | m | =
» A g s s
om i, St Songhvam O 5 10 20 30 40 50
o an { :
LS v Kilometer
P e 5 - N 1]
FPASTE 100°00°E 100°15'0°E 100°30°E 100°45°0°E 101°00°E

Fig. 7 Locations of groundwater observation wells in the Lower Central Plain, Thailand

After 1975, groundwater withdrawals began to curtail in the
southeastern part of Harris and Galveston Counties as man-
dated by HGSD regulatory policy (Harris-Galveston Subsi-
dence District 2013) and water levels in the aquifers started to
recover. Hence, by 2017, water-level altitudes ranged from
about 61.0 m bls to about 76.2 m bls in the Chicot and
Evangeline aquifers, respectively (Kasmarek and Ramage
2017), and the primary areas having high groundwater with-
drawals had geographically moved west where groundwater
regulations have yet to be established. Despite massive popu-
lation growth in Houston, by 2017, water levels had risen as
much as 61.0 m in the Chicot aquifer and 73.1 m in the
Evangeline aquifer (Kasmarek and Ramage 2017).

Extensometer Observations

From 1973 to 1980, a network of 12 borehole exten-
someters were installed in Harris County to monitor the
occurrence of compaction in areas where groundwater
withdrawals were known to be large and development was
occurring. In 2017, the long-term cumulative-compaction
data show that the rates of compaction have progressively
decreased at all 12 extensometers, which correlates with
the regulatory curtailment of groundwater withdrawals in
the study area. Comparing cumulative compaction data
from each of the 12 extensometer sites, the compaction
data from the easternmost extensometer in Harris County
(Seabrook) was about 47.98 cm, or an average rate of
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about 1.14 cm per year. However, for the westernmost
extensometer in Harris County (Addicks), cumulative
compaction was about 111 cm, for an average rate of
about 2.71 cm per year (Fig.9). The reason that the
compaction value for the Seabrook extensometer is the
less than the Addicks extensometer is that the Seabrook
site is located in the area where groundwater withdrawals
were first curtailed due to a conversion to surface water in
the area. Conversely, the Addicks extensometer is located
in the area where water use has yet to be completely
converted to surface water resources.

5 Discussion and Conclusions

Scientific data collection is essential in shaping ground-
water policy and managing water, particularly in areas
with widespread subsidence. The Bangkok and Houston
areas have long histories of relying on groundwater
withdrawals to meet ever-increasing water demands for
irrigation, public supply, commercial, and industrial pur-
poses. In Thailand, water levels recorded from hundreds
of groundwater observation stations, exhibited up to 30 m
of decline in Nakhon Luang aquifer in Central Bangkok
and the eastern suburbs during the 1970s. Data from 1978
to 2008, show there is a correlation between water-level
decline and the rate of subsidence. Currently (2018), water

levels in the Bangkok region has recovered despite some
areas having subsidence rates at about 1.3 cm/year
occurring mainly from building loads and sea water
encroachment.

Initial altitude maps (1977) in the Houston area indicated
that the water levels in the Chicot and Evangeline aquifers
had appreciably declined. Temporal variations in com-
paction rates at 2 extensometers in the Houston area suggest
that the rates of compaction were greater when the exten-
someters were initially installed, but as groundwater with-
drawals began to be curtailed, the rate of compaction slowly
decreased. However, sustained groundwater withdrawals
prior to curtailment and the associated lowering of
land-surface elevation, related to the irrecoverable com-
paction of the stacked fine-grained sediments, altered the
original topography in the affected areas, thereby incre-
mentally modifying the gradient of surficial drainage
patterns.

It is important to monitor water levels and compaction
to build datasets that can be used by regulatory entities to
make decisions on groundwater policy. The most current
techniques for long-term monitoring of groundwater
levels, compaction, and land-surface elevation are neces-
sary to understand how the aquifer system responds to
groundwater withdrawals, thereby providing policymak-
ers information needed to implement better management
strategies.
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Abstract

Land subsidence due to groundwater overdraft has been
an ongoing problem in south-central and southern
Arizona since the 1940s. The first earth fissure attributed
to excessive groundwater withdrawal was discovered in
the early 1950s near Picacho, Arizona. In some areas of
the State, groundwater level declines of more than 120 m
have resulted in extensive land subsidence and earth
fissuring. Land subsidence in excess of 5.7 m has been
documented in both western metropolitan Phoenix and
Eloy, Arizona. The Arizona Department of Water
Resources (ADWR) has been monitoring land subsidence
throughout Arizona since 1998 using Interferometric
Synthetic Aperture Radar (InNSAR) Data and Global
Navigation Satellite System (GNSS) Data. The ADWR
InSAR program has proven to be a critical resource for
monitoring land subsidence throughout Arizona and has
resulted in the identification of more than 26 individual
land subsidence features that cover an area of more than
7300 km®>. Using InSAR data in conjunction with
groundwater level datasets, ADWR is able to monitor
land subsidence areas as well as identify areas that may
require additional monitoring. The declining groundwater
levels in Arizona are both a challenge for future
groundwater availability and for mitigating land subsi-
dence. ADWR’s InSAR program will continue to be a
critical tool for monitoring land subsidence due to
excessive groundwater withdrawal.
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1 Introduction

Land subsidence due to excessive groundwater overdraft has
been an ongoing problem in south-central and southern
Arizona. The first documented case of land subsidence was
from repeat leveling in 1948 in the Eloy area (Robinson and
Peterson 1962). Historical groundwater declines vary by
groundwater basin, but in some of the alluvial groundwater
basins of south-central and southern Arizona, groundwater
declines have exceeded 120 m. The potential problems of
land subsidence prompted the Arizona Department of Water
Resources (ADWR) to start a land subsidence monitoring
program in 1998.

Land subsidence has resulted in extensive earth fissuring,
with the first earth fissure attributed to groundwater with-
drawal being discovered in the early 1950s near Picacho,
Arizona (Carpenter 1999). More than 273 km of earth fis-
sures have been identified and mapped by the Arizona
Geological Survey (AZGS 2017). Land subsidence will
continue to pose a problem across Arizona as long as
groundwater demands exceed natural and/or artificial
recharge, or until groundwater levels recover to refill the
open pore-spaces in the aquifer, or until the dewatered and
open pore-spaces completely compact.

2 Interferometric Synthetic Aperture Radar
(InSAR) Data

ADWR began using survey-grade GNSS equipment at the
onset of its land subsidence monitoring program in 1998.
Shortly after starting the program, ADWR tested a pilot
program using interferometric synthetic aperture radar
(InSAR) data in 2001. After deeming the pilot InNSAR pro-
gram a success and a proven method in monitoring regional
land subsidence, ADWR began developing its own in-house
InSAR program in 2002 after being awarded a NASA Earth
Sciences grant.
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Since 2002, ADWR has collected more than
140,000 km? of InSAR data throughout Arizona, identifying
more than 26 individual land subsidence features that cover
an area greater than 7500 km®*. ADWR has compiled an
extensive historical InSAR dataset for the active land sub-
sidence areas in Arizona. Most data sets cover time periods
between 1992 to 2000, 2004 to 2010, 2006 to 2011, and
2010 to present, which reflect the time-series for each
satellite sensor. ADWR has utilized SAR data from the
ERS-1, ERS-2, Envisat, Radarsat-1, Radarsat-2, ALOS-1,
ALOS-2, TerraSAR-X, and Sentinel-1 satellites (Fig. 1).
ADWR has used the InSAR data to produce more than 400
land subsidence maps that can be accessed and downloaded
at this link: http://www.azwater.gov/AzDWR/Hydrology/
Geophysics/LandSubsidencelnArizona.htm.

The land subsidence maps cover various periods of time
for each land subsidence feature and are updated each year.
ADWR has also developed an interactive land subsidence
map that can be used to view the extent of each land sub-
sidence feature.

ADWR has used InSAR not only for monitoring land
subsidence but also seasonal deformation (uplift and
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subsidence), natural and artificial recharge events, as a tool
for geological mapping and investigations, locating earth
fissures, identifying areas where conditions may exist for
future earth fissure formation, for dam mitigation and land
subsidence modeling, and for monitoring floodplains and
changing drainage patterns due to land subsidence. ADWR’s
InSAR program has produced valuable results and end
products that are used not only by ADWR but also other
state, county, and local agencies, universities, and private
companies for their own research, monitoring, modeling,
mitigation, planning and design projects.

3 Land Subsidence

Groundwater pumping in south-central and southern Arizona
has been occurring since the early 1900s. Groundwater has
been a primary source of water for the municipal, agricul-
tural, industrial, and mining sectors. This groundwater
pumping has exceeded the natural recharge for more than
half a century, resulting in declining groundwater levels;
some groundwater basins have experienced more than
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Fig. 1 Chart of past, present, and projected SAR satellite missions Image courtesy UNAVCO
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120 m of groundwater decline (ADWR 2017b). These
groundwater declines have resulted in regional land subsi-
dence (Fig. 2) with some areas experiencing land subsidence
in excess of 5.7 m in the western portion of the Phoenix
metropolitan near Luke Air Force Base (Schumann and
O’Day 1995) and near the town of Eloy (Schumann and
Genualdi 1986).

The construction and completion of the Central Arizona
Project canal in the mid-1980s began delivering Colorado

Explanation
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Land Subsidence Areas
Maximum Groundwater Change |
0To-15m
* -15To-30m
e -30To-60m
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River water to water-users in the Phoenix and Tucson
metropolitan areas as well as water to agricultural users in
Pinal County (located between Phoenix and Tucson). These
surface water deliveries have reduced groundwater demands,
resulting in groundwater recovery in many areas. The
groundwater recoveries have slowed land subsidence rates in
these areas where surface water is being used to replace or
supplement groundwater, but residual land subsidence con-
tinues to exist. Climate change, drought, and/or a decrease in

By

New Mexico

Fig. 2 Land subsidence features in Arizona based on InSAR data and maximum groundwater change from ADWR groundwater sites inventory

database (ADWR 2017a, b)
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surface water deliveries could cause an increase in ground-
water pumping, resulting in renewed land subsidence rates
that were present during the pre-1980s era.

Hazards associated with land subsidence include the
potential to change natural drainage patterns and floodplains,
which has occurred in the McMullen Valley basin and the
Eloy sub-basin of central Arizona, and elsewhere (ADWR
2013). Land subsidence causes earth fissures in areas that
experience differential compaction. Land subsidence may
also affect the hydraulic properties of the aquifer. As the
pores become more compressed, it becomes more difficult
for water to move through the aquifer, which may reduce
transmissivity. Also, compaction of the aquifer results in a
loss of storage because pore volume decreases.

4 Earth Fissures

Regional land subsidence has resulted in a large number of
earth fissures. Earth fissures are tension cracks that are
formed from differential land subsidence occurring near the
basin fringes or near shallow bedrock. Earth fissures develop
as small hairline cracks in the sub-surface. Some cracks may
reach the surface and others may lie hidden just below the
surface. Earth fissures are usually identified after large rain
events when the hairline crack intercepts surface runoff,
causing erosion. The earth fissure opens up, creating what is
called a fissure gulley. An earth fissure gulley can be more
than 3 m wide and have depths of 10 or more meters
(Fig. 3). The Arizona Geological Survey (AZGS) started
mapping earth fissures in 2007 and has since mapped more
than 273 km of earth fissures throughout Arizona (AZGS
2017). The AZGS has published 26 earth fissure study area
maps that display all the earth fissures mapped in each study
area. These maps, as well as an online earth fissure viewer
and GIS earth fissure shapefiles, can be accessed at this link:
http://www.azgs.az.gov/efmaps.shtml. Several of these earth
fissures have impacted and damaged pipelines, highways,
roads, railways, flood control structures and homes.

5 Land Subsidence in Active Management
Areas

The 1980 Arizona Groundwater Act recognized the need to
aggressively manage the state’s finite groundwater resources
to support its growing economy. Areas with heavy reliance
on mined groundwater were identified and designated as
Active Management Areas (AMAs).The five AMAs (Pre-
scott, Phoenix, Pinal, Tucson and Santa Cruz) are subject to
regulation pursuant to the Groundwater Code. Each AMA
carries out its programs in a manner consistent with these

Fig. 3 Earth fissure in Pinal County, Arizona that opened in 2016

goals, while considering and incorporating the unique
character of each AMA and its water users.

In the Phoenix, Prescott and Tucson AMAs, the primary
management goal is safe-yield by the year 2025. Safe-yield
is accomplished when no more groundwater is being with-
drawn than is being annually replaced.

In the Pinal AMA, where the economy is primarily
agricultural, the management goal is to preserve that econ-
omy for as long as feasible, while considering the need to
preserve groundwater for future non-irrigation uses.

In the Santa Cruz AMA the management goal is to
maintain a safe-yield condition in the active management
area and to prevent local water tables from experiencing long
term declines.

Groundwater levels in the Phoenix, Pinal and Tucson
AMAs have been recovering since the early 1990s. This is
due to a number of reasons: increase in water-use efficiency;
artificial groundwater recharge; using renewable surface
water; decrease in agricultural acreage; mandatory conser-
vation programs; 100-year assured water-supply require-
ments for all new developments; and, groundwater
management. The Tucson AMA has seen a significant
decrease of almost 90% in land subsidence when comparing
the InSAR rates between the 1990s and 2015-2016 (Fig. 4).
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Fig. 4 Land subsidence rate
comparison between 1993-2000
and 2015-2016 in Tucson AMA
(ADWR 2017e, f)
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Groundwater pumping in and around these land subsidence
features had been reduced and replaced by using recharged
surface water, resulting in recovering groundwater levels.
The Phoenix AMA has seen decreases between 25 and 50%
in land subsidence when comparing InSAR rates between
the 1990s and 2015-2016.

6 Land Subsidence Outside Active
Management Areas

The majority of land subsidence areas outside AMAs do not
have access to renewable surface water supplies and are not
subject to mandatory conservation programs and ground-
water management. Two of the land subsidence areas are
within two separate Irrigation Non-Expansion Areas (INA):

Land Subsidence Rate
. 11/09/1993 To 09/20/2000
B ERS-1 and 2

Land Subsidence Rate Utah

03/30/2015 To 03/27/2016
Radarsat-2 1

>z

Nevada

Arizona)

{a‘_

Californi
New Mexico

the Harquahala INA and Douglas INA. INAs have restric-
tions on increasing the number of irrigated acres.

All the land subsidence areas outside the AMAs have
seen an increase in land subsidence when comparing older
InSAR data to the more recent InSAR data. The Willcox
Groundwater Basin located in southeastern Arizona (and
outside an AMA) is a closed groundwater basin. Water-
users there currently do not have access to any renewable
surface water supplies. The Willcox Basin has seen an
increase in agricultural acreage since the 1950s. Ground-
water levels have declined as much as 100 m since the
1950s, resulting in land subsidence of more than 1.5 m.
There has been a significant increase in land subsidence
when comparing the InSAR rates between the 1990s and
2015-2016 (Fig. 5.); rates have increased between 200 and
400%.
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7 Conclusions

Land subsidence and earth fissures have been a problem in
south-central and southern Arizona for more than 50 years
and will continue to be a problem into the future. Even
though groundwater levels are recovering in many areas
where renewable surface water supplies are being used to
replace groundwater, residual land subsidence continues.
Many of the rural groundwater basins outside AMAs that do
not have access to external sources of surface water are
experiencing greater groundwater declines and land subsi-
dence rates than those basins that have access to surface
water supplies.

There are several factors that could affect groundwater
conditions and land subsidence in a groundwater basin.
A few of these are climate change, drought, or even wet
periods. Wet periods have resulted in groundwater recover-
ies and even uplift in some areas in 2005 and 2010. The

[ 11-2cmiyr (0.4-0.8iniyr)
[ 105-1cmiyr(0.2-0.4iniyr)
[ ]o-05cmiyr(0-0.2inyr)

ongoing drought in Arizona has resulted in some basins
receiving decreased surface water deliveries and thereby
causing increased groundwater pumping in those particular
areas. As a result, land subsidence started to occur in the area
where groundwater pumping had increased (to offset
decreased surface water supplies) and groundwater levels
had declined. This type of situation could repeat itself for
those entities that use Colorado River water if a shortage is
declared for the Lower Colorado River system at Lake
Mead. That would cause Arizona to lose 325,000 acre-feet
of water per year of its Colorado River allotment. Ground-
water would be used to replace the cuts in the Colorado
River water deliveries, and would result in increased
pumping and the possible increase in land subsidence or the
possible development of new land subsidence features.

All these factors and many others that could affect
groundwater conditions and land subsidence are why it is
critical to monitor both land subsidence and groundwater
conditions throughout Arizona. These data allow
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water-planners, hydrologists, policy makers, etc. to research
a problem, or develop a water management plan, or make
informed decisions because they are using the most recent
and comprehensive data that are available.
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Abstract

The Pixley Fissure is an earth fissure associated with
historic land subsidence (more than 12 feet between 1926
and 1970) in the southern (San Joaquin Valley) portion of
California’s Central Valley. It was the easternmost of
three earth fissures discovered after flooding in 1969, and
was investigated in 1974 as part of the regional geohazard
assessment for a proposed nuclear generating station.
Although published results of that investigation are part
of the earth fissure literature, characterization was not
presented of the adjacent compressible basin alluvium
from which groundwater withdrawal caused differential
subsidence and the earth fissure. The California High
Speed Rail (HSR) is in design through portions of the
valley currently undergoing land subsidence at annual
rates greater than one foot per year. A better understand-
ing of the geological setting at the Pixley Fissure may
provide insight into potential earth fissure mechanisms in
the Central Valley that might impact the HSR. Historic oil
and gas well geophysical logs are available online; this
resource provided several resistivity and spontaneous
potential well logs for detailed basin alluvium character-
ization at depths relevant to subsidence behavior in the
Pixley Fissure vicinity. A vertical offset of about 150 feet
in the Pleistocene sediments, increasing to 400 feet in the
Miocene sediments, is tentatively interpreted to bracket
the fissure. It suggests compaction faulting as a mecha-
nism to concentrate subsidence-induced tensile strain,
possibly as a hydraulic barrier impacting groundwater
extraction from the alluvium, for the fissure development
and location. In combination with InSAR and other
subsidence monitoring to identify zones of developing
tensile strain due to subsidence, available historic
geophysical log data may help characterize areas of
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possible compaction faulting with potential for earth
fissuring, including along the HSR alignment.

Keywords
Earth fissure ¢ Subsidence ¢ Compaction fault
Geophysical logs * High speed rail

1 Introduction

Three earth fissures were identified within the Pixley Sub-
sidence Bowl in the San Joaquin Valley (SJV) of central
California in the late 1960s. The most significant of these
fissures, named the Pixley Fissure (Fig. 1), was investigated
as part of the geohazards assessment for a proposed nuclear
power plant; results of that investigation are presented by
Guacci (1979). Located on the flank of a groundwater
extraction-induced subsidence bowl near Pixley, the surface
expression of this earth fissure was reportedly about 0.5 mile
long, up to 8 feet wide, and up to 6 feet deep. It was traced
in the shallow alluvial soils, using an auger bucket, as a few
1/8 to 3-inch wide subsurface cracks, infilled with sands and
silts, to depths greater than 55 feet. No vertical offset was
noted at the cracks, and the fissure system was determined to
be a tensional feature resulting from differential subsidence.
Guacci (1979) included no discussion of the deeper alluvial
basin, but referenced Lofgren and Klausing (1969) which
described the basin characteristics and presented results from
a 730-foot deep corehole and compaction recorder installa-
tion located 1.3 miles west of the Pixley Fissure.

Another subsidence-related surface feature observed in
the 1970s was the Pond-Poso Creek Fault (PPCF) described
by Holzer (1980). Located about 15 miles south of the
Pixley Fissure (Fig. 1), this feature exhibited vertical ground
displacements up to 1 inch in 4 months, and offsets of nearly
10 inches since groundwater pumping began. This move-
ment was interpreted to be differential subsidence across a
fault system that was inferred to be a hydraulic barrier within
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Fig. 1 Pixley Fissure area showing various features and subsidence over different time periods. The HSR alignment is in the western part of the
figure area. Inferred clay compaction faulting is from Saleeby and Foster (2004)

the pumped aquifer system (Holzer 1980); historic PPCF
movement is as a compaction fault rather than a tectonic
fault. Reviewing seismic reflection results across the adja-
cent Pond Fault (PF), Smith (1983) reported that vertical
fault offset is about 250, 100 and 50 feet at depths of 3600,
1760, and 875 feet respectively in the Pleistocene Tulare and
underlying Pliocene to Miocene San Joaquin Formations.
The California High Speed Rail (HSR) alignment crosses the
PF trace northwest of the PPCF.

Subsidence rates in the southern SJV are now being
monitored utilizing aircraft- and satellite-based InSAR
technology. As interpreted by Farr et al. (2015, 2017),
subsidence has accelerated in the last few years, with max-
imum rates of about 2 feet per year and large areas with rates
greater than 1 foot per year in 2015-2016. Differential
subsidence is already impacting flood plain geometries and
performance of the California Aqueduct (Farr et al. 2017),
and if sustained, might induce new earth fissuring. Infras-
tructure, such as water conveyance systems and the

California High Speed Rail project, could be impacted by
differential ground movement or piping erosion from
fissuring.

2 Newly Available Information

New technologies have revolutionized the study and char-
acterization of land subsidence since the Pixley Fissure was
studied in the 1970s. Subsidence was measured using optical
survey re-occupying permanent benchmarks through much
of the 20th century (see brown contours and profile in
Fig. 1). Current technologies include GPS survey with per-
manent station capability and satellite-based InSAR with
regional area coverage. Figure 1 shows 2008-2016 subsi-
dence contours and profile (in green) generated from a 2008
airborne  LiDAR  survey compared to a 2016
vehicle-mounted real-time kinetic (RTK) survey conducted
on roadways; these relatively imprecise (for subsidence
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studies) technologies nevertheless captured large-scale sub-
sidence, with a maximum of nine feet over the 8-year period,
through a portion of the SJV.

Information technology advances has also made older
information, specifically historic oil and gas well geophysi-
cal logs, available online. Scientific studies focusing on
aspects of plate tectonics have also provided tantalizing new
clues of possibly relevant geologic forces that might be
influencing subsidence and earth fissure behavior.

2.1 Historical Geophysical Logs

The State of California Department of Conservation Divi-
sion of Oil, Gas and Geothermal resources (DOGGR) has
scanned, and made available online, files of historical geo-
physical logs (DOGGR 2017). Downbhole electrical logs, as
described by Miller et al. (Miller et al. 1971) have long been
a preferred means of deep alluvial basin characterization as
utilized in the classic USGS subsidence studies in the SJV in
the 1950s through 1970s. On-line access to these historic
geophysical well log files permits evaluation of basin
material characteristics and geometries to depths of thou-
sands of feet at vertical resolutions of a few feet where such
logs are available.

Alluvial basin materials compaction characteristics con-
trol subsidence magnitudes and rates, and electrical well logs
provide a practical means to assess these materials. Rucker
et al. (2015) describe typical material properties corre-
sponding to fresh water alluvium types that impact subsi-
dence behavior as summarized in Fig. 2 adapted from Faunt
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typically less than 10 Qm, is composed primarily of very
compressible silts and clays. Having low (less than about
1ft/day) to very low (less than about 0.1 ft/day) permeabil-
ity, it compresses slowly in natural settings, perhaps over
decades to centuries, with time being a function of layer
thickness. However, major and rapid compression (and
resulting major subsidence) may occur when confined
aquifers having significant fine-grained alluvium are
pumped. Coarse-grained alluvium, with high resistivity
typically greater than 25-30 Qm in fresh water aquifers, is
composed primarily of sands and gravels. High energy
transport typically results in densification during deposition,
so it is relatively incompressible. Compaction tends to be
minor, and given its’ high permeability (typically greater
than about 80 ft/day in Fig. 2), occurs rapidly. Heteroge-
neous alluvium is composed of inter-lensed and/or
inter-fingered fine-grained and coarse-grained alluvium.
The coarse-grained portions provide drainage to the very
compressible fine-grained portions, so that overall moderate
to major compaction (resulting in moderate to major subsi-
dence) may occur over periods of years to decades.
Heterogeneous alluvium with fresh water has moderate
resistivity, typically about 10-25 or 30 Qm.

Estimated quantitative inter-relationships of alluvium
hydraulic conductivity (permeability), measured electrical
resistivity, and percentage of coarse-grained materials in the
aquifer system are presented in Fig. 2. Utilizing these rela-
tionships, borehole electrical logs can be a powerful tool for
characterizing aquifer system compaction and resulting land
subsidence. Rucker et al. (2015) have used such tools to help
assess impacts and mitigation of subsidence on infrastructure.
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rates on infrastructure tend to be minor at less than 0.01 ft/year,
may become moderate at about 0.01 to 0.1 ft/year, and have
potential to be major when greater than 0.1 ft/year.

2.2 Recent Developments in Understanding
Local Plate Tectonics

Saleeby et al. (2012, 2013) have interpreted a ‘delamination
hinge’ defining a boundary between tectonic deep subsidence
in the Tulare Basin portion of the SJV, and tectonic
anomalous uplift or bulging at the adjacent southern Sierra
Nevada Range. This hinge is interpreted to be at the top of the
upper earth’s mantle at a depth of about 30 km. The
approximate location of the southern portion of the hinge
(trending north-northeast) is included in Fig. 1. It is reason-
able to assume that the geologic material columns adjacent to
the sides of the hinge, including compressible basin alluvium
forming freshwater aquifer systems, would be in a state of
horizontal tension at both the edge of anomalous deep sub-
sidence in the Tulare Basin, and the edge of the Sierra uplift.
A state of horizontal tension, and thus reduced geological
material confinement, could result in lower material modulus,

M. L. Rucker et al.

and thus greater compressibility (and resulting greater sub-
sidence), in those aquifer system materials.

This interpreted delamination hinge is located between
two localized subsidence bowls that developed prior to 1970
(Lofgren 1969) along Highway CA-99 as shown in Fig. 1.
An area of reduced subsidence is located over the interpreted
delamination hinge. This subsidence pattern is consistent
with increased horizontal tension on either side of the
delamination hinge relative to the horizontal stresses over
the hinge. Farther to the north, other historic subsidence
profiles have increases in subsidence rates starting near the
edge of the interpreted hinge. The Pixley Fissure is located
near to the approximate hinge edge along the side of the
northern subsidence bowl.

3 Refined Local Geology from Geophysical
Logs

Scans of historic well logs from the DOGGR website
(DOGGR 2017) in the vicinity of the Pixley Fissure were
downloaded and reviewed. Locations of wells with relevant
and useful logs are shown in Fig. 3. The available

Fig. 3 Tops of San Joaquin
(green) and Santa Margarita
(red) formation elevations in
Pixley Fissure vicinity from oil
and gas well geophysical logs
(DOGGR 2017). Approximate
eastern edge of the Tulare
Formation Corcoran Clay
Member is also shown
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information is primarily electrical resistivity logs, typically
16-inch short normal logs and 64-inch long normal or
induction electrical logs, with corresponding spontaneous
potential logs. The 16-inch short normal logs generally
provide the most useful data (Miller et al. 1971). Substantial
information concerning the local stratigraphy and fresh
water aquifer is available from these logs.

3.1 Pixley Fissure Local Stratigraphy

Three distinct stratigraphic formations, the Tulare, San
Joaquin and Santa Margarita Formations, are relevant to
improved understanding of geologic conditions at the Pixley
Fissure. Figure 3 summarizes contact elevations between
these formations at specific well locations. The Tulare For-
mation is Pleistocene age basin alluvium that extends to
depths of about 700 feet to over 1300 feet in the fissure
vicinity. Within the Tulare Formation, the about 0.74 to
0.62 million year old (Ma) Corcoran Clay Member, is a
lakebed clay. It is a regional aquifer confining layer to the
west that feathers out in the fissure vicinity. The clay was
tentatively identified in the Pixley corehole (Lofgren 1969)
about 1.3 miles west of the Pixley Fissure, at a depth of
about 300 feet. It’s approximate extent has been extrapo-
lated to the Pixley Fissure vicinity (Fig. 3). Oil wells pen-
etrating the Corcoran Clay in this area were typically cased
to depths of 400-500 feet or more before open hole logging
could begin; logs from these wells were blinded to the
presence or absence of the Corcoran Clay.

Underlying the Tulare Formation, the San Joaquin For-
mation represents the youngest marine sediments in the
southern SJV. The top of the San Joaquin Formation has
been aged to about 2.5 to 3.4 Ma. Its’ marine clays are
anticipated to have lower resistivities, about 2 to 3 Qm, than
overlying Tulare freshwater clays with resistivities of typi-
cally 7 or more ohm-meters. However, east of the Pixley
Fissure, relatively high resistivities in portions of the logs are
consistent with fresh water in the high permeability
coarse-grained alluvial units within the San Joaquin For-
mation. Lofgren and Klausing (1969) noted this deep fresh
water to the east of the Pixley Fissure, extending to depths of

Fig. 4 Typical geophysical
electrical log (DOGGR 2017)

Spontaneous Resistivity
Potential 0 ohm-m 30
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nearly 3000 feet, in their (Lofgren and Klausing 1969,
Fig. 4) profile of the SJV through the Pixley corehole.

Finally, underlying the San Joaquin Formation, the top of
the Santa Margarita Formation at depths of about 2000 feet
to over 3000 feet in the Pixley Fissure vicinity, provides
another distinct stratigraphic signature with an age of about
7 Ma (Saleeby et al. 2013). A resistivity increase, typically
from about 2 to 3 Qm to about 15 to 20 Qm, accompanied
by a large negative swing in the spontaneous potential,
marks the top of the Santa Margarita Formation. Example
well log formation contact interpretations are shown in
Fig. 4.

3.2 Tulare Formation Stratigraphy

Applying the Fig. 2 resistivity criteria facilitates interpreting
fine-grained, heterogeneous and coarse-grained alluvium in
the fresh water aquifer system. Details of the alluvial
materials composing the Tulare Formation become readily
apparent. Several short-normal electrical logs in Fig. 5 have
been color coded to depths of 1100 feet to enhance patterns
of fine-grained (blue), heterogeneous (green to yellow) and
coarse-grained (red) alluvial horizons within part of the fresh
water aquifer. Wells 374, 024, 375 and 373 bracket the
Pixley Fissure. Their plan view location is shown in Fig. 3
and resistivity well log profiles are shown in Fig. 5.

Measurements (at the short-normal resistivity tool vertical
resolution of a few feet) illustrate several Tulare Formation
alluvium material characteristics as shown in Fig. 5. First,
there is great resistivity variability, and thus alluvium vari-
ability, within the vertical profile of each well log. Where
logging begins (below a depth of about 500 feet), multiple
fine-grained alluvium horizons with thickness ranging from
about 20 to 80 feet, and in one instance, nearly 200 feet, are
interpreted. Coarse-grained alluvium horizons, with thick-
nesses ranging from about 20 to 50 feet, are sometimes
interspersed between fine-grained horizons. Finally, hetero-
geneous alluvium horizons fill the remaining vertical allu-
vium profiles. It appears that the overall alluvial system
(below about 500-foot depth) at these wells has a hetero-
geneous nature as described in Fig. 2.
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Fig. 5 Well logs (DOGGR
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A second aspect of the Tulare Formation alluvium is the
formation bottom, interpreted as the lowest depth with
fine-grained alluvium resistivities greater than about 7 Qm,
shown in Fig. 5. Wells 375 and 373 northeast of the Pixley
Fissure trend indicate bottom of the Tulare to be at depths of
about 1430 to 1440 feet. Wells 374 and 024, west and
southwest of the fissure trend, indicate the Tulare bottom to
be at depths of about 1600 to 1620 feet. A possible offset of
about 150 feet, downward to the southwest, is indicated at
the geophysical log signature between the Tulare and
underlying San Joaquin Formations.

Finally, patterns of fine-, heterogeneous and
coarse-grained alluvium do not match up across the same
depths between Wells 024 and 375 bracketing the Pixley
Fissure. However, the alluvium pattern about 150 feet dee-
per in Well 024 does match well with the shallower Well
375 alluvium pattern. This is consistent with an about
150-foot offset downward to the southwest in the near
vicinity of the Pixley Fissure.

3.3 Possible Vertical Offset at Top of Santa
Margarita Formation

Another vertical offset between Wells 024 and 375 may be
interpreted at depth below 3000 feet. As shown in Fig. 6, an
offset of about 400 feet to the southwest is indicated from
interpretations of the top of the Santa Margarita Formation
(dated to about 7 Ma). This offset is about 2.7 times greater
than the offset at the top of the San Joaquin Formation.
Assuming a uniform vertical displacement rate over time, a
400-foot offset over 7 million years is consistent with a
150-foot offset over 2.6 million years. These offset rates are
consistent with compaction faulting with tectonic origin
similar to the PPCF (Holzer 1980) described in the intro-
duction, and indicate potential for a hydrological barrier in
the fissure vicinity (Fig. 6). Differential subsidence around
the Pixley Subsidence Bowl likely generated horizontal
strains capable of initiating earth fissuring. These strains may
have been concentrated at the Pixley Fissure location due to
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within the alluvium.

4 Conclusions

Where relevant historical oil and gas well geophysical logs
are available for deep site characterization, more detailed
subsidence-related geohazard evaluations have become
practical. Geophysical log information in the Pixley Fissure
area indicates a possible vertical offset, perhaps at least a
compaction fault or deeper tectonic fault, in the fissure
vicinity. Deep subsurface vertical offsets at the Pixley Fis-
sure are comparable to and larger than vertical offsets
interpreted at the PPCF located 15 miles to the south.
The PPCF is likely a hydrological barrier (Holzer 1980)
within the local fresh water aquifer system. Similarly, the
offset at the Pixley Fissure might also act as a hydrologic
barrier as implied by differences in fresh water aquifer
depths in the area. Groundwater pumping near such a barrier
could increase the likelihood of concentrating differential
subsidence and initiating earth fissuring.

Characterization for earth fissure potential at new infras-
tructure, such as the California High Speed Rail alignment,
would benefit from understanding potential vertical offsets
and hydrological barriers within the basin alluvium.
The HSR alignment crosses the PF trace and inferred clay
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' te— Potential 0 ohm-m 30
2 ="

Hydrological 6= ;
Barrierin this 5.

+ see Figure 3
2 forelevations
Santa Margarita Fm

Spont,l:ri'bous Resistivity
'otentigl -&t:n-m 30
s

3 ~7-9 chm-m (lowest)

taneous Resistivity

~2-3 ohm-m ;

= top of Santa
Margarita Fm

~15-20 ohm-m top of San Joaquin Fm

-~ ~2-3 ohm-m (lowest)

compaction (Saleeby and Foster 2004) faulting (Fig. 1).
Effective subsidence monitoring can provide early warning
of future differential subsidence impacts on HSR and other
infrastructure that may need maintenance or mitigation.
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Abstract

Land subsidence can severely impact infrastructure and
alter existing floodplain designations by changing ground
elevation, ground slope (gradient), and through the
development of ground cracks, known as earth fissures,
that can erode into large gullies. Mitigation strategies and
engineering solutions for infrastructure at risk from earth
fissures are not widely available in existing literature,
however many examples exist. Guidance on mitigation
strategies intending to reduce the level of risk associated
with the infrastructure exposed to earth fissure hazards
has been developed for several sites in Arizona. The
options are intentionally flexible so that the owner and
design team can develop solutions that conform to the risk
tolerance of stakeholders. The guidance is as follows:

e High Hazard Areas (earth fissures known to be present).
Avoidance and/or significant engineered mitigation
solutions.

e Moderate Hazard Areas (earth fissures could be present
or develop in the future). Consider avoidance or imple-
ment engineered mitigation efforts such as structural
elements and/or subsidence and earth fissure monitoring.

e Low Hazard Areas (earth fissures unlikely to be present
or to develop in the future). Typical safety monitoring
and maintenance for the infrastructure type.

Additionally, engineering solutions have been
designed and constructed throughout the Southwest-
ern USA. These engineering solutions depend on the
consequence of failure for the infrastructure at risk due to
earth fissuring. Solutions include a variety of design
goals, such as prevention of catastrophic failure, reduc-
tion of maintenance needs, and monitoring the hazard.
Constructed engineering solutions include monitoring
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instrumentation, surface water diversion, cut-off walls,
geotextile encapsulating aggregate ‘burrito’ wrap, struc-
turally reinforced embankments, geotextile reinforcement
of engineered fill, reinforced concrete lining, rip-rap
lining, geotextile liners, use of controlled low-strength
material backfill, and hybrid methods combining multiple
approaches mentioned above.

Keywords
Land subsidence ¢ Earth fissure ¢ Mitigation

1 Introduction

Land subsidence can severely impact infrastructure and alter
existing flood-plain designations by changing ground eleva-
tion, ground slope (gradient), and through the development of
ground cracks, known as earth fissures, that can erode into
large gullies. Mitigation strategies and engineering solutions
for infrastructure at risk from earth fissures are not widely
available in existing literature, however many examples exist.
The purpose of this paper is to summarize some mitigation
examples and offer guidance to mitigation strategies where
earth fissuring poses a potential hazard due to earth fissures
exists. The authors were directly involved in investigation
and design for many of the examples presented in this paper,
however other examples are discussed. A brief discussion of
the land subsidence phenomenon and earth fissures that can
result from land subsidence is included below.

1.1 Land Subsidence

Land subsidence due to groundwater withdrawal is caused
by lowering the groundwater elevation in a column of
unconsolidated material, increasing the effective stress. This
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change in effective stress results in increased loading on the
material column. If that column consists of granular mate-
rials, typically sands and gravels, compression below the
initial water level is typically minor and takes place rapidly.
Until granular particle contact points are changed by com-
pression, at least some of the compression can be recovered
elastically if water levels rise and effective stress decreases.
Inelastic compression results from particle slipping or
crushing; that portion of compression will not elastically
rebound. If the material column contains a significant frac-
tion of fine-grained materials, typically silts and clays, con-
solidation of the material below the initial water level may
be relatively significant. The time frame of that consolidation
is a function of the material permeability, where lower per-
meability increases consolidation time. Consolidation is
further a function of the distance to higher permeability
zones where excess pore pressure is relieved by draining
water from the compressible fine, and especially clay-rich
materials. Greater distances to such permeable drainage
zones increases consolidation time. Although consolidation
can be modeled (using modulus) as an elastic phenomenon,
rebound from a decrease in loading (water level recovery) is
a small fraction of the initial consolidation.

Multiple tools, some in use for many years and some
available only in the last decade, are needed to effectively
characterize local subsidence. Understanding of groundwater
level changes, the driving mechanism for subsidence, often
requires long-term water-level databases to document his-
toric changes. Direct subsidence measurement has been and
is accomplished by survey methods using historic baseline
data with repeat surveys at specific locations. Recently,
satellite-based repeat-pass synthetic aperture radar interfer-
ometry (InSAR) can measure subsidence across entire allu-
vial basins. When available, historic well log data provides
limited information concerning basin lithology and geome-
try. In a few cases, detailed profiles of basin alluvium
lithology can be interpreted from downhole geophysical
logging of wells through basin alluvium. Historic well pump
test and other data provide further hydrogeologic informa-
tion. Gravity, seismic, and deep resistivity methods are
useful for depth to bedrock and basin geometry characteri-
zation. Deep resistivity soundings are especially useful to
characterize and estimate basin alluvium modulus and per-
meability parameters, and thus subsidence characteristics.
Guidelines for characterizing land subsidence are published
in both Arizona and Utah, providing a basic approach for
land subsidence and earth fissure investigations (Arizona
Land Subsidence Interest Group 2011; Lund 2016).

K. C. Fergason and M. L. Rucker
1.2 Earth Fissures

Where differential rates and magnitudes of land subsidence
occur over relatively short distances, horizontal strains can
become sufficient to cause earth fissuring. Jachens and
Holzer (1979, 1982) evaluated threshold tensile strains to
initiate fissuring based on studies of the Eloy Casa Grande
area of Central Arizona. These studies included precise
leveling and geophysical surveys, and comparisons with
other cases of fissuring due to groundwater withdrawal. They
concluded that at local basin scales with minimum bench-
mark spacing at fractions of a mile, most fissuring occurred
at horizontal tensile strains in the range of about
0.02-0.06%. This compares with the threshold strains,
measured at shorter-distance project station engineering
scales, for cracking of compacted clay zones in dam
embankments (or compacted clay liners) of about 0.1-0.3%
(Leonards and Narain 1963; Covarrubais 1969).

The first recorded observance of earth fissuring in the
Southwestern USA was in 1927 near the town of Picacho,
Arizona (Leonard 1929). Since that time, eleven subsiding
Central Arizona regions within the Basin and Range pro-
vince have been identified, all with suspected or verified
earth fissures (Fellows 1999; Poland 1981; Holzer and Davis
1981). Subsequent benchmark studies were undertaken to
evaluate the distribution and mechanisms of fissuring
(Jachens and Holzer 1979; Holzer 1980, 1981; Laney et al.
1978; Larson and Péwé 1986). Additional subsiding basins
where earth fissures have been identified occur California,
Nevada, Southern Utah, New Mexico, and Texas (Galloway
et al. 1999; Borchers and Carpenter 2014).

Earth fissures overlying alluvial aquifers suffering large
groundwater decline are likely associated with a process
termed generalized differential compaction (Carpenter
1994). At least one of three mechanisms are likely at play to
form fissures: (1) bending of a plate above a horizontal
discontinuity in compressibility (Lee and Shen 1969),
(2) dislocation theory representing a tensile crack (Carpenter
1994) and (3) vertical propagation of tensile strain caused by
draping of the alluvium over a horizontal discontinuity in
compressibility (Haneberg 1992). Given these probable
mechanisms, fissures commonly develop along subsiding
basin perimeters, often in apparent association with buried or
protruding bedrock highs, suspected mountain-front faults or
distinct facies changes in the alluvial section.

Fissures often first manifest at the surface as subtle
hairline cracks, or as alignments of small potholes. These
features are commonly modified by burrowing animals.



Mitigation Strategies and Engineering Solutions ...

79

Fig. 1 Examples of earth fissures. Beginning clockwise from the top
left: (1) un-eroded incipient earth fissure in bottom of trench excavation
at powerline FRS in Central, Arizona, (2) fresh earth fissure gully at
Siphon Draw Wash Basin in Central Arizona, (3) earth fissure with

Overland surface water flow is then intercepted, and the
surface manifestation of the fissure grows as piping erosion
and material caving occur during runoff events. Figure 1
shows serveral examples of earth fissures.

2 Guidance

Guidance on mitigation strategies intending to reduce the
level of risk associated with the infrastructure exposed to
earth fissure hazards has been developed for several sites in
Arizona and California. Recommended options are inten-
tionally flexible so that the owner and design team can
develop solutions that conform to the public safety
requirements and stakeholder risk tolerance. The guidance is
as follows:

e High Hazard Areas (earth fissures known to be present).
Avoidance and/or significant engineered mitigation
solutions.

e Moderate Hazard Areas (earth fissures could be present
or develop in the future). Consider avoidance or imple-
ment engineered mitigation efforts such as structural
elements and/or subsidence and earth fissure monitoring.

e Low Hazard Areas (earth fissures unlikely to be present
or to develop in the future). Typical safety monitoring
and maintenance for the infrastructure type.

vertical deformation in Southern Utah, (4) large earth fissure gully in
Southern Nevada, (5) mature and partially in-filled earth fissure gully
including dumped tires in Central Arizona, and (6) mature, in-filled
earth fissure gully at McMicken Dam in Central Arizona

A strategy of avoidance is most often recommended in
areas where earth fissure hazards are present. However, in
some situations avoidance is not possible, or avoidance of an
earth fissure is spatially constrained. Earth fissuring could
still present a future hazard if existing fissures were to grow
or if new fissures were to develop. In these cases some form
of remediation is needed to reduce the risk posed by the
earth fissure hazard.

3 Mitigation Strategies

Engineering solutions have been designed and constructed
throughout the Southwestern USA where earth fissuring is
considered to be a potential hazard. These engineering
solutions are dependent on the consequence of failure for the
infrastructure at risk and include design goals, such as pre-
vention of catastrophic failure, reduction of maintenance
needs, and monitoring of the hazard. Typically, multiple
remedial strategies are utilized to meet these goals.
Additional strategic considerations discussed below
include whether a known earth fissure is in direct contact
with the planned infrastructure, if the planned infrastructure
is located near an area where earth fissuring is present, or
that potential for earth fissuring to develop in the future has
been determined. Remediation strategies will vary depend-
ing on the proximity in space and time of the planned
infrastructure and existing or potential earth fissuring.



80

The life cycle of earth fissures is not well understood,
particularly in the case of surficial deformation. For exam-
ple, an existing earth fissure could be undergoing active and
measurable surface deformation, while another earth fissure
could be dormant with no active or measurable deformation
occurring, but with a potential for future deformation to
occur. Once groundwater decline has stopped and resulting
subsidence ceased, an earth fissure could have no active or
measurable surface deformation and be considered ‘extinct’
or ‘relic’; unless future groundwater decline occurs, it is
reasonable to assume that there is little or no potential for
future deformation to occur. Remediation strategies and the
perceived risk to infrastructure will be different for each of
those scenarios, and considerable investigative effort may be
necessary to determine which scenario is most applicable.

3.1 Monitoring

Although monitoring is often not thought to be mitigation, it is
arguably the most important and widespread remedial method
used for earth fissures. Monitoring reduces the risk an earth
fissure could pose to infrastructure by repeated observation
allowing for additional action to be undertaken if or when
activity associated with an earth fissure threatens the monitored
infrastructure. Methods include monitoring the land subsidence
(survey, InSAR, groundwater levels, etc.) that causes earth
fissures, and direct monitoring of earth fissures (mapping,
visual observation, ground displacement measurements, etc.).
Monitoring methods currently utilized in the Southwest-
emn USA include conventional practices and proven, instru-
mented in-ground sensing systems. Conventional techniques
include repeat optical levelling and GPS surveys, ground
reconnaissance, photo-geological analysis, groundwater moni-
toring, and tape-extensometers. Advanced techniques include
the processing and interpretation of differential interferograms
of repeat-pass, satellite-based synthetic aperture radar data
(InSAR), and as-needed in specific situations, borehole tilt-
meters, microseismic arrays, excavation of monitoring trenches,
quartz tubes, and time-domain reflectometry (TDR) (Fergason
et al. 2015).

Examples of infrastructure projects that have active earth
fissure monitoring projects include several flood control
district projects in Central Arizona including McMicken
Dam (Rucker 2008; Fergason et al. 2013; Rucker et al.
2013), Vineyard Road, White Tanks No. 3, and Powerline
Flood Retarding Structures (FRS), and Siphon Draw Wash
Basin (Fergason and Rucker 2018). Monitored industrial
ponds include the Arizona Electric Power Cooperative
(AEPCO) Apache Generating Station (Keaton et al. 1998)
and brine ponds at a natural gas storage facility. Addition-
ally, fissuring is monitored at a facility in Chino, California
(Carpenter 2015), and at a mine in northern Nevada.
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3.2 Surface Water Diversion

Typically the biggest risk posed to infrastructure from earth
fissuring relates to potentially destructive (piping) erosion of
near-surface soils at an earth fissure. Therefore one of the most
common mitigation strategies is to limit or prevent surface
water from entering into an earth fissure. Several strategies
exist to achieve this, including simple backfill of an earth fis-
sure and creation of positive drainage away from the earth
fissure (backfill methods are discussed in further detail in
Sect. 3.8). Other methods include creating diversion structures
upstream of earth fissures. Many of the other remediation
strategies discussed in this paper are variations of the basic
concept of prevention of erosion by limiting surface and sub-
surface water flow. Most remedial strategies for earth fissure
hazards involve some form of surface-water drainage control.

Examples of infrastructure where surface water diversion
mitigations are utilized include the Central Arizona Project
(CAP) Canal in Central Arizona where known earth fissures
were backfilled with local materials and left with positive
drainage, essentially forming a small embankment where there
was once an earth fissure. For the Powerline FRS in Central
Arizona, a new section of FRS was constructed to both avoid
an encroaching earth fissure and to limit surface flow to that
earth fissure’s location.

3.3 Cut-Off Walls

Cut-off walls and related strategies are designed to limit water
flow and flow velocity through an earth fissure below the
ground surface, limiting the ability for piping erosion to occur.
This strategy involves constructing a cut-off wall from the
surface to a more competent soil layer at depth. Driven piles
have been utilized as well, though not extensively as driven
piles often have constructability issues in arid-land soils.
Cut-off walls have been utilized at several sites in the
Southwest USA, including the Hunt Highway in Central
Arizona, White Tanks FRS No. 3 in Central Arizona, Siphon
Draw Wash Basin in Central Arizona (Fergason and Rucker
2018), 1-80 in Northern Nevada, the CAP Canal in Central
Arizona (driven piles), and a mine site in Northern Nevada.

3.4 Geotextile Encapsulating Aggregate
‘Burrito’ Wrap

The design goal of a geotextile encapsulating aggregate
‘burrito’ wrap is to limit erosion of an earth fissure
while allowing some water to slowly flow through. This
concept is similar in nature to aggregate filter drains utilized to
stop cracking in embankments. This method is typified by
excavation of an earth fissure, placement of a geotextile
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fabric, and encapsulation of aggregate backfill with the fabric.
This method has been utilized in Southeastern Arizona where
an earth fissure crosses a busy county roadway in Cochise
County. This mitigation has not alleviated ongoing vertical
deformation of the earth fissure, but has prevented large-scale
piping erosion at the fissure under the roadway in an area of
flash flooding and potential catastrophic failure of the road-
way. Similar designs have been recommended for roadways
in Maricopa County, Arizona.

3.5 Structurally Reinforced Embankments

In areas where dams, FRSs, levees, and other embankments
are potentially at risk from earth fissuring, structural rein-
forcement is a mitigation strategy that has been employed.
Structural reinforcement can be achieved through several
methods, including geotextiles, concrete, soil cement, and
others. Generally the intent of the structural reinforcement is
to prevent catastrophic failure of the embankment were an
earth fissure to cause piping erosion of the foundation.

Locations where structurally reinforced of embankments
have been utilized include McMicken Dam and White
Tanks FRS No. 3 in Central Arizona.

3.6 Seepage Blanket

Another mitigation strategy to limit potential erosive forces
in an earth fissure include methods for lengthening the
seepage path within the earth fissure system. At McMicken
Dam in Central Arizona, this was achieved with a soil
cement apron that extended upstream of the embankment.
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3.7 Reinforced Concrete and Other Liners

Where channels, basins, or other water transport/storage facil-
ities face a potential hazard from earth fissures, a commonly
utilized remedial strategy is to line the facility. Risk of failure of
the infrastructure is realized by limiting water from the system
entering the earth fissure and from reinforcement of the struc-
ture if the earth fissure causes erosion in the foundation.

Reinforced concrete lining is the most common approach
employed and examples of its utilization include the CAP
canal in Central and Southern Arizona, Dysart Drain in
Central Arizona, Meridian Channel in Central Arizona, and
drainage channels along several highways including I-10 in
Southern Arizona and SR 202L in Central Arizona.

Other liner methods for channels and basins include
HDPE liners, often in combination with rip-rap support.
Examples where HDPE liners have been utilized include
the Siphon Draw Wash Basin in Central Arizona (Fig. 2)
(Fergason and Rucker 2018) and the AEPCO Apache
Generating Station in Southeastern Arizona. Additionally, at
the SR 303L highway in Central Arizona, the mitigation
design incorporated a geogrid filtration barrier (Neely 2011).

3.8 Backfill

Excavation and backfill of an earth fissure is one of the most
basic mitigation strategies utilized. This method often mitigates
existing erosion from the earth fissure and limits the potential
for future erosion with backfill that is more resistant to erosion.
These methods are often quick and economic though it is
generally not a long-lasting mitigation unless combined with
other methods.
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Fig. 2 Design drawings for cut-off wall and geomembrane liner at Siphon Draw Wash Basin in Central Arizona (Fergason and Rucker 2018)
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Engineered Fill. Backfilling an earth fissure with com-
pacted fill is one approach often utilized. This approach
limits but does not eliminate the potential for future erosion
to occur in an earth fissure and is often utilized in areas with
lower traffic roadways, residential and other small-scale
developments. An example of this includes the intersection
of Meridian and Baseline Roads in Central Arizona.

Geotextile Reinforcement. Geotextile reinforcement of
an earth fissure is a common way to limit deformation, and is a
simpler version of the approach described in Sect. 3.4. Single
or multiple layers of reinforcement can be utilized. Examples
of geotextile reinforcement include the intersection of Base-
line and Meridian Roads, the SR 202L and SR 303L (Neely
2011) in Central Arizona, and I-10 in Southern Arizona.

Cement Reinforcement. Backfill with materials such as
a concrete slurry, controlled low-strength material, soil
cement, or other materials that are strengthened with
cementing agents can be utilized. This method has been
utilized by electric utilities where earth fissures are present
near access roadways for powerline corridors and in the
vicinity of transmission tower foundations.

Aggregate. Erosion potential can potentially be limited by
utilizing aggregate and other ‘filter’ backfill materials.

Sand Bags. Sand bags can provide a quick and economic
backfill material that can reduce the potential for erosion
along an earth fissure. This approach can be especially useful
as an emergency or other rapid response during a runoff
event as a temporary remediation until a more robust solu-
tion can be implemented.

Geo-foam. Geo-foam backfill materials can provide a
quick and economic backfill material that can reduce the
potential for erosion along an earth fissure. The authors are
not aware of any locations where this method has been
utilized specifically to mitigate an earth fissure, however it
could be a viable method to consider.
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Abstract

Land subsidence can severely impact infrastructure and
alter existing floodplain designations by changing ground
elevation, ground slope (gradient), and sometimes through
the development of ground cracks, known as earth fissures,
that can erode into large gullies. Due to the alteration of
surface water flow, ground elevation, and ground cracking
that can undermine foundations, subsidence poses a
particularly high risk to water conveyance, flood control,
and other linear infrastructure. The Siphon Draw Wash
(SDW) Detention Basin in Apache Junction, Arizona
provides a unique opportunity to observe the impact of an
actively propagating earth fissure. Earth fissures were first
identified in the area in the 1990s. In the mid-2000s, plans
were developed to construct a basin and channel to provide
flood control along Siphon Draw Wash. A series of land
subsidence and earth fissure investigations were performed
as part of the design process for the SDW Detention Basin.
During investigations, the nearby Southwestern Earth
Fissure (SWEF) extended over 200 feet overnight follow-
ing a rain event. Later during the investigation a trench
located at the termination of the fissure extension was
flooded by another rain event. The SWEF extension
terminated just upstream of the boundary of the basin.
The need for a basin for flood control purposes at this
location required that fissure mitigation measures be
implemented. Mitigation strategies included constructing
2 16-foot deep by 2-foot wide by 30-foot long slurry cut-off
walls along the fissure extension and placing an embank-
ment over the fissure extension, to help prevent propagation
of the fissure into the basin. In addition, cut-off walls and
geomembrane liner were constructed along the southwest
embankment of the basin, to help prevent the fissure from
moving further southwest toward residential areas, in the
event that the fissure propagates into the basin.
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Construction of the SDW Detention Basin and Meridian
Channel was completed in 2010. An annual monitoring
program has been implemented that includes evaluation of
satellite-based interferometric synthetic-aperture radar
(InSAR), real-time kinematic GPS survey, analysis of
high-resolution aerial imagery, and annual ground
inspection.

Keywords
Land subsidence ¢ Earth fissure ¢ Mitigation

1 Introduction

Land subsidence can severely impact infrastructure and alter
existing flood-plain designations by changing ground ele-
vation, ground slope (gradient), and causing the develop-
ment of ground cracks known as earth fissures. The Siphon
Draw Wash (SDW) Detention Basin and Meridian Channel
system provides a unique opportunity to observe how earth
fissures interact with infrastructure. The project was con-
structed in close proximity to an actively propagating earth
fissure designated the Southwestern Earth Fissure (SWEF).
Mitigations were included in the basin and channel design,
including an annual monitoring system that has allowed the
system to be observed since construction in 2010.

The SDW Detention Basin is part of the larger SDW
Drainage Improvement Project, which is owned and oper-
ated by the Flood Control District of Maricopa County
(FCDMCO). Other notable stake-holders in the project include
the Arizona Department of State Lands and the City of
Mesa. The SDW Drainage Improvements Project consists of
the two components: (1) SDW Detention Basin and (2) Inlet
Structure and Meridian Channel. These improvements are
located approximately 1.5 miles west of the Powerline and
Vineyard Road Flood Retarding Structures (FRS), and
northeast of the intersection of Meridian and Elliott Roads,
in the City of Apache Junction and in unincorporated
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Maricopa County, Arizona. The SDW Detention Basin is an
earth-lined basin with tall-pot trees planted around the basin
perimeter and on the slopes, and is hydroseeded with native
vegetation. The basin intercepts flood flows from the north
and detains flows from Siphon Draw Wash, and outlets back
to the wash. Cut-off walls constructed of controlled low
strength material (CLSM), along with a buried geomem-
brane liner, were installed along the basin’s western and
southern sides to mitigate potential impacts of earth fissures
that could potentially develop within the basin. Cut-off walls
were also installed at the ends of the visible portion of a
known earth fissure at the northeastern portion of the basin.
That fissure was then backfilled. The Meridian Channel is an
incised, concrete-lined channel that runs east of the Meridian
Road alignment from the north end of Meridian Road to
West Guadalupe Road. The Meridian Channel conveys flood
flows from the north and outlets to the SDW Basin. A brief
discussion of the land subsidence phenomenon and earth
fissures that can result from land subsidence is included
below.

1.1 Land Subsidence
Land subsidence due to groundwater withdrawal is caused
by lowering the groundwater elevation in a column of
alluvial basin material, which increases the effective stress
within that column. This increase in effective stress results in
an increase in loading on the material column. If that column
consists of granular materials, typically sands and gravels,
compression of the material below the initial water level is
typically minor and takes place rapidly. Until granular par-
ticle contact points are changed by compression, at least
some of the compression can be recovered elastically if
water levels rise and effective stress decreases. Compression
that results from particle slipping or crushing will tend to
have much less elastic rebound. If the material column
contains a significant fraction of fine-grained materials,
typically silts and clays, consolidation of the material below
the initial water level may be relatively significant, yet take
place slowly. The time frame of the consolidation is a
function of the materials’ permeability, where lower per-
meability increases consolidation time. Consolidation is
further a function of the distance to higher permeability
zones which relieve the excess pore pressure by draining
water from clay-rich materials. Greater distances to such
permeable drainage zones increases consolidation time.
Although consolidation increases can be modeled as an
elastic phenomenon, rebound of the consolidation is typi-
cally not recoverable with a decrease in loading.

Multiple tools, some in use for many years and some
available only in the last decade, are needed to effectively
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characterize local subsidence. Characterization of ground-
water level changes, the driving mechanism for subsidence,
requires long-term water-level databases to document his-
toric changes. Direct subsidence measurement has been and
is accomplished using survey methods with historic baseline
data with repeat surveys at specific locations, and recently,
satellite-based repeat-pass synthetic aperture radar interfer-
ometry (InSAR) that can cover entire alluvial basins. When
available, historic well log data provides limited information
concerning basin lithology and geometry. Historic well
pump test and other well data provide further hydrogeologic
information. Gravity, seismic, and deep resistivity methods
are useful for depth to bedrock characterization. Deep
resistivity soundings are especially useful to characterize and
estimate basin alluvium modulus and permeability, and thus
subsidence characteristics. Guidelines for characterizing land
subsidence have been published in both Arizona and Utah,
providing a basic approach for land subsidence and earth
fissure investigations (Arizona Land Subsidence Interest
Group 2011; Bowman and Lund 2016).

1.2 Earth Fissures

Where differential rates and magnitudes of land subsidence
occur over relatively short distances, horizontal strains can
become sufficient to cause earth fissuring. Jachens and
Holzer (1979, 1982) evaluated threshold tensile strains for
fissuring based on studies of the Eloy Casa Grande area of
Central Arizona. These studies included precise leveling and
geophysical surveys, and comparisons with other cases of
fissuring due to groundwater withdrawal. Jachens and Hol-
zer (1982) concluded that, at local basin scales at minimum
benchmark spacing at fractions of a mile, most fissuring
occurred at horizontal tensile strains in the range of about
0.02-0.06%. This compares with the threshold strains,
measured at shorter-distance project station engineering
scales, for cracking of compacted clay zones in dam
embankments (or compacted clay liners) of about 0.1-0.3%
(Leonards and Narain 1963; Covarrubais 1969).

The first recorded observance of earth fissuring in the
Southwestern USA was in 1927 near the town of Picacho,
Arizona (Leonard 1929). Since that time, eleven subsiding
Central Arizona regions within the Basin and Range pro-
vince have been identified, all with suspected or verified
earth fissures (Fellows 1999; Poland 1981; Holzer and Davis
1981). Subsequent benchmark studies were undertaken to
evaluate the distribution and mechanisms of fissuring
(Jachens and Holzer 1979; Holzer 1980, 1981; Laney et al.
1978; Larson and Péwé 1986). Additional subsiding basins
where earth fissures have been identified occur in Southern
California, Central California, Nevada, Southern Utah, New
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Mexico, and Texas (Galloway et al. 1999; Borchers and
Carpenter 2013).

Earth fissures in areas of large groundwater decline in
alluvial aquifers are likely associated with a process termed
generalized differential compaction (Carpenter 1992). Three
mechanisms are likely at play to ultimately form fissures:
(1) bending of a plate above a horizontal discontinuity in
compressibility (Lee and Shen 1969), (2) dislocation theory
representing a tensile crack (Carpenter 1992) and (3) vertical
propagation of tensile strain caused by draping of the allu-
vium over a horizontal discontinuity in compressibility
(Haneberg 1992). Due to these probable mechanisms, fis-
sures commonly develop along the perimeter of subsiding
basins, often in apparent association with buried or pro-
truding bedrock highs, suspected mountain-front faults or
distinct facies changes in the alluvial section.

Fissures often first manifest at the surface as subtle
hairline cracks, or as alignments of small potholes, com-
monly modified by burrowing animals. Overland surface
water flow is then intercepted, and the surface manifestation
of the fissure grows as piping erosion and material caving
occur during runoff events.

Mitigation strategies and engineering solutions for
infrastructure at risk from earth fissures are not widely
available in existing literature, however Fergason and
Rucker (Fergason and Rucker 2018) summarize methods
employed in the Southwestern USA.

2 Land Subsidence and Earth Fissure
Investigations

Land subsidence and earth fissures were recognized to be
potential hazards for the design of the SDW Detention Basin
and Meridian Channel. In 2006 an initial land subsidence
and earth fissure hazard investigation was performed. This
was followed by a more comprehensive land subsidence and
earth fissure hazard investigation performed as part of the
final design for the project in 2007.

2.1 Initial Land Subsidence and Earth Fissure

Hazard Investigation

The initial land subsidence and earth fissure hazard inves-
tigation consisted of literature and data review, analysis of
InSAR, analysis of high-resolution digital aerial imagery,
geologic reconnaissance, and an initial delineation of earth
fissure risk zones pertaining to the channel and basin.

The data review task of the investigation included review
of relevant publications, technical reports, and groundwater
data from government sources. It also included review of
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previous work performed for the Powerline FRS, located
about 1.5 miles east of the project.

InSAR data was acquired, reviewed, and analyzed for the
times that were available, allowing for an in-depth recent land
subsidence history to be determined. Analysis of
high-resolution aerial imagery allowed detailed mapping of
known and suspected earth fissures in the project vicinity to
be identified and confirmed through geologic reconnaissance.

Results of the investigation were utilized to develop a
delineation of earth fissure risk zones to aid in the ongoing
design of the project. Additional recommendations were
given to specific planned project elements in regard to
potential risk from land subsidence and earth fissures,
including guidance summarized below. The options were
intentionally flexible so that the owner and design team
could develop solutions that conformed to the risk tolerance
of stakeholders.

e High Hazard Areas (earth fissures known to be present).
Avoidance and/or significant engineered remedial
solutions.

e Moderate Hazard Areas (earth fissures could be present
or develop in the future). Consider avoidance or imple-
ment engineered remedial efforts such as structural ele-
ments and/or subsidence and earth fissure monitoring.

e Low Hazard Areas (earth fissures unlikely to be present
or to develop in the future). Typical safety monitoring
and maintenance for the infrastructure type.

2.2 Final Design Land Subsidence and Earth
Fissure Hazard Investigation

The purpose of the final design land subsidence and earth
fissure investigation was to further refine the delineation of
risk developed in the initial investigation, and provide
geotechnical information for design of the project elements.
The investigation included updates to the previous investi-
gation, completion of seismic refraction profiles to further
characterize known earth fissures and their potential extent
beyond surficial signs of their presence, and excavation and
detailed logging of test trenches. The earth fissure risk
delineations were refined, recommendations for future sub-
sidence were included, and recommendations for the
instrumentation and monitoring were provided.

During the final investigation field work, a rain event
resulted in the extension of the SWEF by approximately
250 feet toward the proposed location of the SDW Detention
Basin (Fig. 1). At this location, the SWEF had captured
surface runoff upstream of the location of the SDW Deten-
tion Basin. This extension was documented to have
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Fig. 1 Project location showing the SDW Detention Basin, Meridian Channel and other project elements including the SWEF

happened during a single rain event that occurred one eve-
ning between field visits (Fig. 2). A test trench was exca-
vated at the termination of the newly propagated surface
crack. A vertical zone of moist ground was visible on the
trend of the propagated fissure. Another rain event flooded
the test trench, impacting the ability to create a detailed log
of the test trench. It was noted that the trench filled with
water and needed to be pumped dry, after the seepage rate
was monitored for several hours. This indicated that at the
time of that rain event, and shortly after the SWEF had
extended approximately 250 feet, no open crack was present
at the fissure termination that would allow water to drain
from the trench (Fig. 2).

Results of the final investigation were used to adjust the
location of the SDW Detention Basin and design mitigation
measures. Additionally, recommendations were made for an
instrumentation and monitoring system.

3 Land Subsidence and Earth Fissure
Mitigation

The SDW Detention Basin was located to avoid having the
SWEF within the basin, however, the basin was located in
close proximity to the fissure, and the 2007 extension of the
SWEF brought it closer to the basin. A Failure Modes and
Effects Analysis (FMEA) was performed to analyze potential
failure modes of the basin and channel from an earth fissure

and the results were used to develop mitigation strategies to
reduce the risk posed from the identified failure modes.
Ultimately, five mitigation strategies were incorporated into
the design of the SDW Detention Basin and Meridian
Channel: (1) construction of a compacted embankment on
top of the SWEF extension, (2) construction of 2 CLSM
slurry cut-off walls along the SWEF, (3) incorporating a
subsurface geomembrane liner and cut-off walls in the bank
of the southwestern portion of the SDW Detention Basin,
(4) constructing the Meridian Channel with reinforced con-
crete, and (5) developing an instrumentation and monitoring
system.

The construction of the compacted fill embankment on
top of the SWEF extension created positive drainage away
from the fissure and results in a less erodible backfill of the
fissure gully. Since the SWEF upstream of this location
captures surface runoff, this is not believed to be a perma-
nent mitigation, but one that will require maintenance
through time. One cut-off wall was constructed along the
SWEEF extension and the second cut-off wall at the termi-
nation of the SWEF extension, both under the embankment
fill. The cut-off walls are intended to limit subsurface erosion
of the fissure by limiting water flow through the system.
Figure 3 shows the as-built design of the cut-off walls and
geomembrane. The cut-off walls and geomembrane along
the southwest slope of the basin is designed to limit erosion
from the SWEF should it extend into and through the basin
at some point in the future. It is noted that such an event
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Fig. 2 View of the SWEF prior to construction of the SDW Detention
Basin. The upper 2 images show the extension of the earth fissure that
occurred overnight as the result of a rain event. The bottom three photos
show the trench at the termination of the SWEF. The left image shows

should be seen in advance and mitigated though the moni-
toring program. The geomembrane design is also shown in
previous chapter Fig. 2.

4 Monitoring

Monitoring is arguably the most important and widespread
remedial method used for earth fissures, though it often not
thought of as a remediation. Monitoring of the site is
included in the Operation and Maintenance (O&M) Manual
for the Project. Monitoring reduces the risk an earth fissure
could pose to the SDW Detention Basin and Meridian
Channel and downstream residences through repeated
observation that allows for additional action to be under-
taken if or when additional activity associated with an earth
fissure occurs. Methods include monitoring the land subsi-
dence (survey, InSAR, groundwater levels, etc.) that drives
earth fissuring, and direct monitoring of earth fissures
(mapping, visual observation, ground displacement mea-
surements, etc.). Monitoring methods currently at the project

LY

the trench after excavation. The middle image shows the trench filled
with runoff one day later, the image on the right shows the trench after
water was pumped out of the trench

site include real-time kinematic (RTK) GPS surveys, ground
reconnaissance, photo-geological analysis, groundwater
monitoring, and the processing and interpretation of differ-
ential interferograms of repeat-pass InSAR.

A network of GPS survey monuments has been con-
structed along the Meridian Channel and the SDW Detention
Basin. These survey monuments allow changes in grade that
develop due to ongoing differential subsidence to be mea-
sured. However, current subsidence rates are sufficiently
small that annual surveys have been determined to be
un-necessary; the frequency of survey acquisition is cur-
rently every 3 years.

Given the structural remedial features present in the
design of the SDW Detention Basin and that local
subsidence-related stresses appear to be focused at the
SWEF, high-resolution aerial imagery is analyzed every
3 years rather than annually. However, analysis of InSAR
and ground inspections do occur on an annual basis.

Since monitoring began in 2011, cracking within the
embankment fill overlying the SWEF extension has been
observed. This surficial cracking does not impact the
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operation and integrity of the SDW Detention Basin, and it
has been mitigated through ripping and compaction of the
embankment area where cracking was observed. It is unclear
at this time if this cracking indicates that subsurface erosion
has continued to occur along the SWEF extension or if the
erosion has progressed beyond one of the cut-off walls. It is
noted that no cracking associated with earth fissures has
been observed within the SDW Detention Basin, and all
indications are that the design is currently functioning as
intended. These conditions will continue to be monitored
and the FCDMC is currently considering constructing
additional cut-off walls.

A rain event that occurred July 23-24, 2017 opened the
SWEF northeast of the SDW Basin. This was discovered
and reported by the FCDMC maintenance crew. Subsequent
evaluation determined that there was no large erosion past
the northeast cut-off walls, no erosion along the southwest
bank, and no erosion at the channel. It was determined that
the northeast cut-off walls appeared to function as designed
and it was recommended to back-fill the opened fissure
gullies, and rip and compact rilled areas.
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Abstract

The KwaZulu-Natal coastline on the east coast of South
Africa is one of the most densely populated coastlines in
Africa and has been subjected to human developments
over the last 18 years. In recent years, extreme coastal
events, due to a rapidly changing climate have caused
much damage along the coast and are predicted to increase
in intensity and frequency with the rise in eustatic
sea-level. Therefore, assessing the coastal susceptibility
in KwaZulu-Natal (KZN) attempts to identify the most
sensitive locations along the coast to anticipated sea-level
rise and related coastal hazards. This study discusses the
application of the Coastal Susceptibility Index, which
incorporates and ranks six physical variables, namely:
geomorphology, coastal slope, historical shoreline change
rate, significant wave height, mean tide range, and relative
sea-level rise, to calculate the CSI. This information was
displayed based on quartiles, indicating sections of the
coastline with a very high, high, moderate or low
susceptibility. The majority (34.33%) of the studied KZN
is ranked as high susceptibility. More than half the coast
(56.72%) is characterized as highly and very highly
sensitive, primarily due to the susceptible geological
landforms, low lying topography, high erosion rates and
a highly significant wave height. The study provides a
framework for decision-makers to prioritize coastal zones
that require enhanced natural resilience and adopt appro-
priate management strategies within the study area.
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1 Introduction

The KwaZulu-Natal (KZN) coast is one of the most densely
populated coastal areas in Africa and is a popular tourist
destination that fuels the South African economy. The
coastal environment is highly dynamic and human devel-
opment poses pressure on coastal systems by creating con-
flict between the natural coastline processes and
anthropogenic use (Davies 2012). This pressure is exacer-
bated by natural coastal hazards such as seasonal variation
(Guastella and Smith 2014), storm surge flooding (Mather
2007), coastal erosion (Smith et al. 2010), tsunamis and the
impacts of sea-level rise (Mather et al. 2009; Shaji 2014).
Global projections predict a future sea-level rise of
2-9 mm/year by 2100 (Wigley 2001). There is a general
consensus that sea level is rising (SLR), the likelihood and
intensity of coastal hazards affecting already threatened
coastal zone (Davies 2012). In recognition of these risks,
identifying sections of the coastline that are more vulnerable
is paramount for effective coastal management (Abuodha
and Woodroffe 2010). To this end a coastal susceptibility
index was estimated.

The Coastal Susceptibility Index (CSI) was proposed by
Gornitz  (1990) and later modified by Thieler and
Hammar-Klose (1999) and used to assess the coasts of the
USA, Europe, Brazil, Argentina, India and Canada. The CSI
incorporates six physical variables as indicators of a coast-
lines susceptibility to sea-level rise and assesses the likeli-
hood of physical changes that may occur along the coastline
because of this rise (Thieler and Hammar-Klose 1999).
These physical variables include geomorphology, coastal
slope, the rate of historical shoreline change, significant
wave height (Hs), mean tidal range (Ts) and relative
sea-level rise (Pendleton et al. 2004). These variables can be
grouped into two groups: (1) geological variables (geomor-
phology, coastal slope and historical shoreline change rate),
and (2) physical process variables (Hs, mean tidal range and
relative sea-level rise). The CSI scores or ranks the coast
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based on its relative degree of susceptibility ranging from
very high (5), high (4), moderate (3), low (2), very low (1).

In this study, the term susceptibility is utilized in pref-
erence to vulnerability, which is commonly used by the
United States Geological Survey (USGS), because the latter
term generally requires evaluation of human vulnerability to
hazards and considers socio-economic factors such as pop-
ulation size and infrastructure type. Previous research con-
cerning the vulnerability assessment for the coastline of
KZN (Palmer et al. 2011) used beach width, dune width,
percentage rocky outcrop, distance (width) of vegetation
behind the back beach and distance to the 20 m isobaths.
Seasonal beach widths can change on a scale of tens of
metres (Smith et al. 2014), similarly back beach vegetation
widths vary seasonally so the above mentioned parameters
were not used in this study. Mixed beaches, such as beaches
perched on wave platforms, were not considered. This
research through the evaluation of CSI attempts to identify
the most sensitive regions along the KZN coastline, in order
to guide decision making.

2 Study Area

This research focuses on the southeast part of the
sub-tropical coastal zone of KZN with a length of 358 km
(Fig. 1). On a macroscale, the coast is generally linear and
trends obliquely from the south-east of Port Edward to the
northeast of the Mfolozi Municipality (Cooper 1994).
Mainly along the KZN south coast, 80% is sandy and the
rest rocky outcrops. The coast receives a mean annual
rainfall of 845 mm (Palmer et al. 2011). The KZN coastline
is high-energy with coarse grained reflective and interme-
diate beaches (Cooper 1991). Towards the southeastern
portion, the coastal geology of KZN comprises of rocky
outcrops of predominantly Natal Basement complex inter-
spersed with faulted blocks of Natal Group Sandstones and
occasional outcrops of Dwyka Tillite. (Cooper 1991). From
the Durban region extending northwards to Mozambique
coastal plain, Cenozoic coastal deposits of the Maputaland
Group dominate. The geomorphology along the coastline
varies in accordance with the underlying geology and the
amount of sand within the coastal zone, and the shape that
these sand bodies have assumed (Cooper 1991). There are
five geomorphological classes that have been proposed by
Cooper (1994), each varying in susceptibility: rocky coasts,
sand covered rocky coasts, sandy embayment’s are promi-
nent in regions situated between rocky headlands and are
often backed by coastal vegetated dunes, estuary and linear
clastic shoreline.

A. Shanganlall et al.
3 Methodology

Susceptibility has been defined in this study in terms of
semi-quantifiable variables, comprising three geological
variables and three physical process variables (Abuodha and
Woodroffe 2010). The geological variables include the
geomorphology, historical shoreline change rate and the
coastal slope (Pendleton et al. 2004). These variables take
into consideration the shorelines relative resistance to ero-
sion, long-term erosion and accretion trends, and the coast-
lines susceptibility to flooding. The physical process
variables are the significant wave height, mean tide range,
and relative sea-level rise, all of which contribute to the
inundation hazards to a specific portion of the coastline over
a period ranging from a few hours to centuries (Pendleton
et al. 2004). The coastal susceptibility index allows the
variables to be attributed in a quantifiable manner so that the
relative susceptibility of the coastline to future sea-level rise
can be expressed.

The 358 km coastline of KZN has been divided into
different sections based on the variations in geomorphology,
historical shoreline change rate and the coastal slope. Each
of the parameters comprises 5 susceptibility classes, with
each class been allocated a susceptibility index value:
ranging from 1 to 5 (very low to high susceptibility).

The physical process variables were ranked and mapped
as single susceptibility index values for the entire coastline
based on published literature and the susceptibility classes
used were consistent with Gornitz (1990), Thieler and
Hammar-Klose (1999). The parameters incorporated in the
CS index are dynamic and the data derived for each variable
was from numerous sources. Data was acquired from
ortho-rectified 1:50,0000 topographic maps from the
National Geospatial Institute, orthophoto maps (1:10,000),
published literature (Cooper 1994; Mather 2007; Corbella
and Stretch 2012), Google Earth Imagery, and Digital Ele-
vation Models ArcGIS., provided a platform for the
geospatial database development.

3.1 Geological Variables

Geomorphology: The coastal susceptibility index assesses
the geomorphic susceptibility of the coastal landforms to
hazards including tsunami’s, storm surge flooding and wave
erosion (Shaji 2014). The most erodible features (linear
clastic shorelines) are subjected to a greater risk and are
more sensitive than least erodible landforms (rocky shore-
line). Therefore, geomorphology is ranked quantitatively in
accordance to the strength of the coastal landforms as well
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Fig. 1 Locality Map South Afiea

the rock types (Karymbalis et al. 2012). The classification of
the various geomorphological classes was undertaken by
visual assessment on Google Earth, interpretation of the
geomorphological classes described by Cooper (1994), as
well as field geomorphological mapping that was undertaken
in regions of Hibberdene, Scottburgh, Amanzitoti, and Isi-
pingo. The methodology employed to accomplish the geo-
morphology mapping was undertaken by first constructing a
polyline on Google Earth Imagery by digitizing the
high-watermark (HWM) in the timeframe of 2014. The
different landforms identified and mapped were classified
according to the geomorphology classes proposed by Cooper
(1994) (Table 1). Linear clastic shorelines are directly
exposed to coastal hazards and therefore are the most sen-
sitive with a ranking of 5. In contrast, rocky coastlines are
stable and capable of withstanding impacts of coastal haz-
ards, hence they are the least sensitive geomorphological
class and allocated a susceptibility index value of 1. Wave
platforms overlain by sand are considered to be of very high
susceptibility (Smith et al. 2007 for an account of the 2007
high swell event) and allocated a susceptibility index of 5.
Estuaries are allocated a ranking of 4 which is classified as a
high susceptibility (Table 1).

Coastal Slope: Locations having a gentle to moderate
coastal slopes are more susceptible to flooding and experi-
ence greater penetration of sea-water when there is any rise
in sea-level which will inundate larger extents of land.
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Any land loss to inundation is a function of slope, therefore
shorelines having a gentle slope are considered highly sen-
sitive whereas areas having a steep slopes are areas of lower
susceptibility (Shaji 2014).The coastal slope was computed
at every 1 km interval by measuring the distance between
the 20 m contour line and the 2014 digitized shoreline. The
elevation difference of 20 m was divided by the measured
difference at each interval and multiplied by one hundred,
Areas recording a coastal slope of greater than 35.28% were
assigned a very low susceptibility index of 1, whereas areas
with a coastal slope of lower than 8.13% were characterized
as a very high susceptibility and allocated a susceptibility
index of 5. The coastline exhibiting a slope of between 35
and 22% and considered to be of low susceptibility (2),
whereas coastal zones having a slope of moderate suscep-
tibility (3) are those categorized in the range of 22—-14%, and
a high susceptibility (4) classifies the range of 14-8%
(Table 1).

Historical Shoreline Change Rate: The shoreline ero-
sion and accretion rates for the coastline of KZN were cal-
culated using the digitized shorelines in the time frames
2005, 2009 (topographic, orthorectified), and 2014 which
were obtained by constructing polylines on the high water
mark on Google Earth Imagery and orthophoto maps. This
time frame includes the 2007 storm event that resulted in
damage to private and public infrastructure within 400 km
of the coastline (Smith et al. 2007). Historical shoreline
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Table 1 Coastal susceptibility index classes for ranking the variables for the KZN coastline

Susceptibility Low (2)

Moderate
3

High (4)

the KZN coastline

Coastal susceptibility index classes for the geomorphology variable and the length (in km and %) of each susceptibility class of

Geomorphology Rocky Coastline | Rock overlain by | Embayment | River mouth- | Linear  Clastic

sand influenced Shoreline
embayment

Length (%) 31.0 21.1 26.0 18.9 3.0

Length (km) 110.4 75.7 93.2 67.6 10.8

Coastal susceptibility index classes for the coastal slope variable and the length (in km and %) of each susceptibility class of the

KZN coastline

Coastal Slope (%) >35.4 35.4-22.8 22.8-14.2 14.2-8.1 <8.1

Length (%) 4.9 14.60 20.5 31.4 28.8

Length (km) 17.4 523 73.5 112.4 103.0

susceptibility class of the KZN coastline.

Coastal susceptibility index classes for the historical shoreline change variable and the length (in km

and %) of each

Shoreline  Erosion/Accretion | >0.07 0.07-0.02 0.02--0.03 -0.03--0.07 <-0.07
(m/yr.)

Length (%) 222 21.4 17.8 20.00 19.0
Length (km) 79.0 76.3 63.2 69.8 67.7
Coastal susceptibility index classes for the significant wave height variable of the KZN coastline

Significant Wave Height (m) <0.6 0.6-0.9 0.9-1.1 1.1-1.2 >1.2
Coastal susceptibility index classes for the mean tide range the KZN coastline

Mean tide range (m) >2.1 1.6-2.0 1.1-1.5 0.6-1.0 0.0-0.5
Coastal susceptibility index classes for the relative sea-level rise variable KZN coastline

Relative Sea-Level Rise | <1.8 1.8-2.5 2.5-3.0 3.0-3.4 >3.4
(mm/yr.)

change rates (m/year) were calculated at 1 km intervals
(transects) along the coast using the Digital Shoreline
Analysis System (DSAS) software, Thieler et al. (2009). The
resultant values were normalized against the shape length so
that accretion and erosion rates assessed in this investigation
were consistent with the study by Copper (1994) for the time
period of 1934-1989. The rate-of-change statistics docu-
mented in this study was reported as the End Point Rate
indicator (EPR). The End Point Rate is calculated by
dividing the distance of the shoreline movement by the time
elapsed between the youngest (2014) and oldest (2005)
shoreline. The positive values of the EPR are representative
of accretion and the negative values are indicative of ero-
sion. Shoreline changes for KZN fall within the (Table 1)
erosion and accretion rates of —0.07 m/year to +0.08 m/year
respectively. Areas experiencing erosion rates of
<—0.07 m/year were regarded as very highly susceptibility
and allocated an index value of 5, those that were eroding at
rates of between —0.07 and —0.03 m/year were considered
highly susceptible regions (4), moderately susceptible
(3) areas were categorized in the range of —0.03 to

0.017 m/year Accretion rates of 0.017-0.07 m/year are
classified as low susceptibility, whereas those with historical
shoreline change rates of greater than 0.07 m/year were
assigned a very low susceptibility index value of 1.

3.2 Physical Variables

Significant Wave Height: By definition, the significant
wave height is the square root of the wave energy, which
indicates the erosion capacity (Karymbalis et al. 2012). The
significant height is used as a substitution for the wave
energy which influences the coastal sediment transport and
plays a significant role in modifying the shoreline. The
increase in wave energy is result of an increase in wave
height, and as a consequence there is an increase in erosion
and inundation along the shoreline resulting in land loss
(Pendleton et al. 2004). Therefore, the susceptibility of the
coastline is directly proportional to the wave height. For the
coastline under discussion, the significant wave height was
analyzed from previous investigations carried out by
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Corbella and Stretch (2012) whose research aimed to ana-
lyze and review 18 years of wave data of the KZN. The
investigation established the average significant wave height
for the entire east coast of South Africa as 1.68 m and this
value was employed in this investigation in order to allow
for consistency and comparison with the extensive research
performed by other scientists. The data reviewed and ana-
lyzed was for the time period of 1992-2009 with various
wave recording instruments used at different wave depths.
These historical instruments included Waverider (a spherical
accelerometer buoy that calculates the wave height and wave
direction from accelerations) and the ADCP (located on the
ocean floor and uses sonar to measure wave heights). Wave
datasets were derived from the Durban and Richards Bay
locations. Corbella and Stretch (2012) found that the wave
data from Richard Bay has a strong correlation with Dur-
ban’s data, therefore the significant wave height for the KZN
coastline is an average of the significant wave heights of
these locations. As a result, a value of 1.65 m is mapped as a
single susceptibility value for the entire coastline. We have
found that direction is also very important within bays.

Mean Tidal Height: The mean tidal height will influence
both inundation and erosion hazards (Karymbalis et al.
2012). The tidal heights for the east coast of Southern
African, which includes KZN, are modest and can be char-
acterized by mean spring tidal heights of 1.8-2 m (Cooper
2001). Thus the entire KZN coastline is microtidal. The
ranking of susceptibility of coasts with regards to the mean
tide range has been viewed differently by different scientists.
Gornitz (1990), considers a large mean tide range as highly
sensitive whereas a low tidal range has a low susceptibility.
The rationale is based on the concept that a large tidal range
is related to strong tidal currents that influence a coastlines
behavior and this is applied mainly to marcotidal coasts. In
contrast, Thieler and Hammar-Klose (1999), Pendleton et al
(2004) advocate that a large tidal range is ranked as a low
susceptibility. Cooper (1991) suggests that on a
wave-dominated coastline such as this a microtidal regime is
considered to be of high susceptibility as wave attack is
concentrated within a narrow zone. The coastal susceptibility
classes used in this study to rank the mean tide range were
consistent with that proposed by Abuodha and Woodroffe
(2010) for the southeast coast of Australia and corresponds
to the assigned vulnerability index for the mean tide range
provided Musekiwa et al. (2015) for all South African
coastlines.

Relative Sea-Level Rise: The relative sea-level rise value
employed in the coastal susceptibility mapping in this pro-
ject was based on the extensive research performed in
Durban and surrounding regions by Mather (2007). The
sea-level rise was established by the use of the Durban tidal
gauges and changes in barometric pressures, which were
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supplied by South African Navy Hydrographic Office and
South African Weather Service respectively, for the time
period 1970-2003 (Mather 2007). A linear and non-linear
analysis was performed on monthly sea-levels (Fig. 4.12).
Based on the comparisons of these two methods, Mather
(2007) found that the linear rate of sea-level rise of
2.7 £ 0.05 mm/year for Durban and surrounding regions
would be the most valid. This SLR Trend was employed in
research performed by other authors when assessing
sea-level changes in Durban and other locations along the
east coast of KZN; some of which include works by Mather
and Stretch (2012). Therefore, for this particular scientific
study, the relative sea-level rise of 2.7 + 0.05 mm/year was
adopted for the entire coastline of KZN because it allows for
comparison and consistency with other research of the
executed in the in the study. The relative sea-level rise for
the coastline under investigation is classified into only one of
these susceptibility ranges, which was 2.5-3.0 mm/year
and is categorized as a moderated susceptibility and has a
rating of 3.

3.3 Coastal Susceptibility Index

The CSI was calculated using the conventional six variables
and applying the formula:

CSI:\/aXbXC;(dxeXf ()

where, a = geomorphology, b = historical shoreline change
rate, ¢ = coastal slope, d = significant wave height, e =
mean tide range, and f = relative sea-level rise. For this
research, an unweighted product model was adopted
whereby the relative importance of each variable on the
overall calculation was considered equal (Abuodha and
Woodroffe 2010). The data for each coastal section was
processed by assigning specific susceptibility ratings in the
attribute table for each of the 6 variables. The “raster
approach” was adopted by converting the input parameters
into raster grids in order to compute the CSI. The resulting
output CSI was derived as a raster grid, were the index
values were divided into four quartiles such that the discrete
index value cells were ranked in terms of their magnitude.
The lowest quartile (25th percentile) is representative of the
least sensitive areas, those values below the median value
were displayed as moderate susceptibility, and the high and
very high susceptibility categories were discriminated at the
75th percentile. This method is comparable and consistent
with that employed (Thieler and Hammar-Klose 1999;
Pendleton et al. 2004) and Australian coast (Abuodha and
Woodroffe 2010).
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4 Results
4.1 Coastal Susceptibility Index

Figure 2, indicates the susceptibility ranking of various
segments of the coast based on the categorization of the CSI
values into four classes by applying the “quartile” classifi-
cation method. The CSI values along the KZN coastline
range between 3.16 and 25. CSI values ranging between

A. Shanganlall et al.

9.93 and 25, are classified as high to very high susceptibility
areas. From this map, it is seen that majority of the coastline
experiences a high susceptibility. The least susceptibility
(3.16-7.02) regions are located mainly towards the northern
portion of the KZN coast and are considered stable. Sus-
ceptibility classification maps of Durban and Richards Bay
respectively, they are regarded as ‘hot spots’ areas along the
coastline because they have undergone the most disturbance
due to human development such as construction of harbors
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and resulting dune damage (Cooper 2001). The region sur-
rounding the Durban harbor is classified as high suscepti-
bility 9.93—-14.12. In contrast, low susceptibility categories
are located towards the south of the Durban Harbor and are
considered more stable regions. The Richards Bay region
which is classified as high and very high susceptibility
because the CSI index values are >0.12 and is considered
one of the most disturbed or susceptible regions of the KZN
coastline.

5 Discussion—Conclusion

By employing the six physical variables commonly utilized
by the USGS, the coastal susceptibility for KZN was
determined. These variables were evaluated individually,
then combined to give an overall assessment. Although the
CSI is not a complete estimation of susceptibility, it provides
a relative index (Palmer et al. 2011). Given that KZN
coastline has experienced significant erosion in the past due
to extreme storm events (such as that experienced in March
2007) it is expected that these events may be repeated and
experienced again, resulting in locations with high CSI
values to be greatest at risk (Palmer et al. 2011).

Regions experiencing a low to moderate susceptibility
may be attributed to the geomorphology type of rocky
coastlines and rock overlain by sand, steep coastal slopes,
and the occurrence of accretion. Such susceptibility classes
constitute 17.54 and 25.75% of the coastline respectively.
The high and very high susceptibility categories are located
as stretches of coast, starting from Margate, and occupy
34.33 and 22.39% of the entire coastline respectively. Such
areas have undergone high and very high erosion with rates
that are greater than —0.07 m/year, are occupied by gentle
coastal slopes and geomorphology types of either river
mouth-influenced embayment or linear clastic shorelines;
and the entire KZN coast is influenced by a large significant
wave height.

Overall, the most influential variables in the CSI assess-
ment for KZN are the geomorphology, coastal slope, and
significant wave height. Majority of the coastline classified
as high susceptibility and this corresponds to the vulnera-
bility assessment performed by Musekiwa et al. (2015).
Palmer et al. (2011) ranked majority of the KZN coast as
moderately sensitive (68%), however when the analysis
included the historical shoreline erosion data into the vul-
nerability assessment, majority of the coastline was classi-
fied as a high susceptibility (58%) and this correlates with
the results of this study. In the vulnerability assessment
performed by Palmer et al. (2011) for the study area, the
historical shoreline change rates were used as indicators to
validate the KZN coast data. This is viewed on the grounds
that the variable is not so much a physical attribute but rather
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a response of the coast to the interactions between coastal
processes and structures (Abuodha and Woodroffe 2010).

Research shows that coastal hazard such as the March
2007 storm event will continue and may become more
severe with the ongoing climate change, resulting in the
areas classified as high and very high susceptibility facing
the greatest risk (Mather and Stretch 2012).
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Zbigniew Bednarczyk

Abstract

This paper discusses the monitoring systems used by the
author to monitor ground deformations in relation to
groundwater and rainfall conditions at natural and
opencast mine slopes. Selected case monitoring locations
were located in the flysch Carpathian Mountains and at
the Belchatow Opencast Mine. Monitoring instrumenta-
tion includes on-line shape-accelerated arrays, in-place
inclinometers, pore pressure transducers and rainfall
gauges. These systems were used to determine the depth,
rate, direction of displacements and the pore pressure
response in selected slopes. The internal geological and
external triggers of landslides are very complex and
diverse in Carpathian flysch natural slopes and clayey
mine slopes in Belchatow mine (which is the largest
excavation in Europe). These factors, usually make
predicting landslide activation time precisely, nearly
impossible. Therefore an effective identification of the
main triggers requires a multitude of integrated variables.
Identification of movement acceleration in relation to pore
pressure and rainfall data could be very important. In
prior research, the existence of the strong relationship
between observed displacements, pore pressure, and
rainfall data has been investigated. The ground movement
and pore pressurous monitoring data were found to be
critical for identifying approaching hazardous conditions.
These data could also be useful for taking proactive risk
mitigation measures. However, identification of the
complex triggers is usually difficult.
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1 Introduction

Landslides are one of the most frequent natural hazards.
Their activation or reactivation causes high economic losses
every year (Petley 2012). In Poland, most of the natural
landslides (over 90%) are recognized in the Carpathians. Up
to this time, over 60,000 landslides were mapped in the
web-based SOPO landslide database (Grabowski et al.
2008). Other human-induced mass movements were also
observed. Some are reported every year in Polish opencast
mines. In Belchatow, the largest opencast mine in Europe
between the period of 1977-1988, 238 landslides were
reported, 80 on fixed slopes and 158 on the west exploitive
slopes (Hochman 2000). Warning of landslide hazard usu-
ally requires identification of several complex internal and
external triggers, that is difficult using only field inspection
and mapping. These data include landslide location,
approximate depth and main geomorphologic features.
However, the possibility of identifying landslide activation
is still a difficult challenge on natural, as well as artificial,
slopes (Bednarczyk 2012, 2017). Its more accurate recog-
nition requires usage of comprehensive and expensive core
impregnated boreholes, geophysical scanning, laboratory
tests and different types of individually dedicated monitoring
measurements. These investigation methods allow detecting
slip surfaces and the depths, ranges and directions of slide
movement. Different types of systems for different types of
measurements could be used for surface displacement
monitoring. Most often it is standard geodesy. However,
GPS, robotized total station or satellite remote sensing could
deliver more data. Other methods, such as extensometers,
inclinometers or optosensors could also measure ground
displacements, while others could recognize groundwater
conditions. Many different early warning systems are based
on surface displacements, which deliver precise surface
monitoring data and cover large areas. However, incli-
nometer measurements could detect landslide activation in
selected locations earlier and more precisely. Numerous

103

San Francisco, California, 2018—Volume 5, https://doi.org/10.1007/978-3-319-93136-4_13

)

Check for
updates


http://orcid.org/0000-0001-6474-9107
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93136-4_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93136-4_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93136-4_13&amp;domain=pdf

104

Z. Bednarczyk

landslide parameters can now be monitored through
real-time or nearly real-time in situ instrumentation. Many
different multiple sensors could provide accurate meteoro-
logical, ground displacement, groundwater and pore pressure
measurements with individually defined collection intervals.
To safeguard the important infrastructure, machines and
roads located on natural or mine slopes these results could be
processed and interpreted by early warning systems. The
potential activation time could be estimated by studying the
evolution of the slope deformation and other related
parameters such as groundwater level depths, pore pressure
or rainfall variations over time. These measurements could
be processed and interpreted in early warning systems.
Presented are examples that represent the first attempts of the
usage of on-line nearly real-time monitoring measurements
in Poland for identification of landslide activation. Research
areas locations are presented in Fig. 1.

Landslide early warning systems could be very useful in
emergency scenarios. In Poland general procedures for such
installations are still lacking. Landslide activation studies in
the Polish Carpathians were mainly based on rainfall mea-
surements connected with field inspections or conventional
inclinometer measurement (Starkel 1997, 2011; Gill and
Dlugosz 2006). The new on-line measurements could pose a
new opportunities for early warning of landslide hazard in
selected locations. Data are collected in different time
intervals varied from 10 to 360 min depending on the
parameter and then compared. Access to the data is very
quick but possible only with the same small delay that means
that it is in nearly real-time (but not in a real-time).

In Polish opencast mines, warning is usually based on
geodesy or inclinometer measurements and field inspection.
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Fig. 1 Locations of two on-line systems

Fig. 2 On-line system in Belchatow Mine

The first nearly real-time system was installed by the author
in the Carpathian Mountains near the city of Gorlice in May
2010 as a part of the EU Innovative Economy project. It
included three inclinometer field stations to depths of 12—
16 m and a weather station. The second nearly real-time
inclinometer warning was installed in the Belchatow open-
cast mine in December 2016 (Fig. 2). That system was
installed to a depth of 100 m. Proper calibration of moni-
toring devices required individually dedicated site investi-
gation and monitoring methods. In this paper monitoring
methods in two selected sites and their advantages and
limitations are described.

2 On-Line Monitoring System
in the Carpathians

2.1 Location and Engineering Geology

Conditions

A nearly real-time monitoring system was installed near the
village of Szymbark on the east slopes of the Bystrzanka
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River Valley in southeast Poland. The Szymbark-Szalowa
road is affected by 15 landslides. These pose a serious threat
to the public road in the Bystrzanka River Valley connecting
4 villages. The investigated area was localized between two
main geomorphology units of the Beskidy Mountains (Bes-
kid Niski Mts.) and Carpathian Foreland (Gorlickie Foothills
—Luzna Valley) at an altitude of 440-585.3 m a.s.l. Mass
movements, with depths of 9-15 m, had areas ranging from
0.37 to 0.6 km?. Flysch layers dip consequent to the slope
inclination and are cut by many faults. Various lithological
complexes of differing weathering resistance are represented
on the slopes. Investigated slopes are underlain predomi-
nately by Eocene shale interbeded with thin layers of sand-
stone with many cracks and joints. The geological structure
of the ridges is represented by Inceramowe layers built from
average strength sandstone-shale layers and very low
strength variegated shales. More resistant Magura sandstones
on the main ridges of the Beskid Niski Mts., constitute about
30% of the area. Saturated claystones and sandstones
sometimes are covered by weathering zones. Claystones in
some parts had mechanical parameters characteristic for
weak cohesive soils. Sandstones usually occurred as thin
layers with differing degrees of digenesis. The sandstones
represented more permeable strata between clayey layers.
These permeable strata allowed water infiltration and seep-
age. Movements were reactivated in wet periods many times.
Landslide depths varied from 2 to 18 m. Bedrock layers had a
consequent inclination (Fig. 3). On the basis of the types of
movements and the materials involved, the observed slope
processes could be defined as rock-soil slides (Cruden and
Varnes 1996, Turner and Schuster 1996). Movements
occurred on the slopes with inclinations from 15° to 35°.

105
2.2 Description of Installed Instrumentation

The instrumentation installed in May 2010 consists of the
following measuring devices:

— two automatic groundwater level and pore pressure
monitoring stations P1 and P2 at depths of 10 and 11 m
respectively using piezoelectric sensor type with tem-
perature sensor, in the measuring range of 1.5 Bar and a
resolution of 0.025%.

— three ground movement inclinometer systems: (a) one
in-place M1 inclinometer at depths of 7-10 m with a
sensor type of three single-axis IP sensors, every segment
of 1 m in length, multiplexing, inclinometer casing
diameters of 70 mm with a measuring range of +10°.
(b) two Shape Accelerated Arrays M1 and M2, with a
sensor type of 3D MEMS inclinometer, consisting of 24—
32 rigid segments, each 500 mm in length, arrays of 24
and 32 tilt sensors, with sampling depths of M1-12 m
and M2-16 m with a measuring range of +45°.

— meteorological station W, with a barometer, rain gauge,
temperature sensor, humidity sensor

Monitoring data were transferred by the cellular net-
work to a web server that collected all the measurements.
These were shared by authorized users from any computer
connected to the Internet. Data could be edited in the form
of graphs or exported as text files. The operation of the
system was not affected by the data transmission method.
The system was powered by a rechargeable 12 V battery
and solar panels. This minimized the costs of adminis-
tration and data management. In order to avoid accidental
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loss of data the system provided continuous on-line con-
trol of the power supply and GSM signal strength.

2.3 Monitoring Results

Registered displacements, groundwater, and the rainfall data
were collected continuously since May 2010. Data acquisi-
tion was in real or nearly real-time in the intervals from 10—
60 min to 360 min depending on the selected options. After
intensive precipitation in May—June 2010 and June 2011, the
rates of deformation accelerated to over 11 cm in a few days
time. Measurements showed that after intensive rainfall
some parts of the slopes were activated, despite the partial
remediation works. The data provided by nearly real-time
monitoring permitted a better understanding of geodynami-
cal processes that occurred on the slopes. The total dis-
placements in the direction of the slope inclination at M3
Field Station, during first 40 months reached values of 33—
54 mm. They occurred to a depth of 12 m (Fig. 4). How-
ever, the fastest movements were identified at depths of 0-
7 m. The occurrences of displacements that varied in both,
direction and depth, indicated the presence of several active
slip surfaces related to slope morphology, lithology,
geotechnical conditions and stabilization work performed.
The largest acceleration of movements occurred after the
intensive rainfalls in May—June 2010 and June 2011. The
registered pore pressure varied between 39—62 kPa. Pore
pressures varied over 100% from 48.6 to 98.9 kPa. The
highest pore pressure variations were observed in May-July
2010 and June—September 2011 (Fig. 5). On-line measure-
ments of rainfall, air temperature, and air humidity collected
data in 10-min intervals. The average annual rainfall during
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precipitation was 303 mm in 2012. Very high yearly rainfall
of 1115.4 mm was registered in 2010. In May—June 2010,
heavy rainfall of 464.2 mm caused landslide reactivation. At
that time, some parts of the drainage ditches in the landslide
zone and along with Geobrugg nets near the road were
damaged. Very high rainfalls of over 300 mm also occurred
in July 2011. The monitoring allowed the measurement of
record precipitation including 100 mm of rainfall over a 3 h
period occurred on 3 June 2010. Precise determination of
precipitation totals needed to determine saturation of the
ground and identification of movement activation time were
difficult. At times during the rainy season a few instances of
rapid increase and decrease of pore pressure were observed.
The automated inclinometer monitoring data showed that
deformations grew continuously except for the short periods
with no movements in the winter of 2010/2011 and in the
winter of 2011/2012. The largest deformations were regis-
tered during May-September 2010 (14 mm) and July—
September 2011 (12 mm). This corresponds well to the
greatest sum of monthly rainfalls recorded in May 2010
(210.3 mm), June 2010 (255.0 mm) and July 2011
(302.8 mm). Sometimes in the rainy season, a few cycles of
intensive pore pressure increase occurred. Usually, the lar-
gest amount of displacement was observed 48 h after initial
pore pressure growth up to nearly 100 kPa and saturation
levels exceeded over 50%. It was difficult to predict these
relations at the start of the investigation. Preliminary alert
conditions implemented from previous experience as a
100 mm daily rainfall and 30 mm daily displacement were
defined. However, besides 100 mm daily rainfall in May
2010 these values were not detected. Obtained data were
shared with Gorlice Road Administration and helped them
with risk management and control of the effectiveness of

nine years of observation was 833.7 mm. The lowest annual partial remediation techniques. It seems that more
Fig. 4 Hourly rainfall [mm], Total Deformation (TD), Hourly Rainfall (HR) Cumulated Pore Pressure Difference (CPPD)
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Fig. 5 Hourly rainfalls [mm], Total deformation (TD) Hourly Rainfall (HR) Pore pressure (P2)
pore pressure [kPa] and total 2010-2014
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comprehensive early warning values could be obtained by
identification of ground movement activation in conjunction
with pore pressure variations up to 100%. Further detailed
analyses are in progress. These should deliver more com-
prehensive data for detailed analysis using semi-empirical
forecasting methods.

3 On-Line Monitoring System

in the Belchatow Opencast Mine
3.1 Location and Engineering Geology
Conditions

The mine is situated in central Poland 12 km SW from the
city of Belchatow. It is located in the tectonic Kleszczow rift,
formed in Mesozoic limestones and marls, and filled by
Neogene deposits. Mesozoic blocks are separated along
faults and dislocations. The thickness of the Neogene
deposits within the rift is 150-310 m. These deposits are
5-15 times thicker within the rift than similar deposits
located outside of the rift. The main lignite seam is 20-60 m
thick. The mine consists of two operational fields—
Belchatow and Szczercow. These are separated by a salt
dome at Debina. Most of the movements were activated on
structural and paleo-landslide surfaces at the southern slope
of the pit, near a deep, secondary ditch structure displaying
the greatest thickness of lignite. The north slope of this mine
exposes Quaternary clayey deposits with unfavourable
geotechnical parameters. This slope posed numerous risks to
conveyor belts transportation systems and power supply
lines in the past. The main landslide-prone structural sur-
faces are contacts between the Quaternary and Neogene
deposits, and the contact between the Neogene clays and the

main lignite deposit. Others landslide-prone surfaces are
faults, cracks, tectonic and glaciotectonic surfaces, low
strength soils and varved Neogene clays. A significant risk to
mining is due to landslides observed as a natural conse-
quence of the complexity of the geological structure of the
lignite deposit and overlaying sediments. Landslides had
volumes of a few hundred cubic meters to as much as
3,500,000 cubic meters, with displacements from a few
millimetres to several meters over a 24 h period (Rybicki
1996). At the investigated west slope of Belchatow field,
eight risk areas were recognized at the contact zone of the
salt dome and the pit.

3.2 Description of Installed Instrumentation

The instrumentation was installed in December 2016.
A borehole 132 mm in diameter was drilled to the depth of
100 m at the northern part of the west slope at level of +42 m.
a.s.l in the contact zone of the salt dome (Figs. 6 and 7).
Instrumentation included innovative Shape Accelerated
Arrays. The system of 200 ground displacement sensors
located every 0.5 m, extended to a depth of 100 m is built
from rigid segments and includes 3 magnetometers for
rotational control. One segment included 3 tilt sensors,
measuring a range of +45°, with an accuracy of 0.02 mm/m
an admissible error of joints of £0.250. Every octet (8 seg-
ments) is equipped with a ground temperature sensor. The
maximum range of equipment depends on the speed and
depth of movements, usually no more than 500 mm. The
system is waterproof up to 980 kPa. It was additionally
equipped with a VW pore pressure sensor located at a depth
of 30 m. The field station included a recorder and GPRS data
transmission devices powered by a solar panel. The GPRS
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Fig. 6 Landslide at level +42 a.s.l, west slope of Belchatow Mine
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Fig. 7 Geological cross-section, Belchatow Mine with monitoring instrumentation

data are registered every 6 h and available online from 19
December 2016.

3.3 Monitoring Results

Presented monitoring measurements were collected over a
280 day period from 19 December 2016 till 4 October 2017.
The largest magnitude of displacements were observed in the

first 40 days of measurements (Jan—Feb 2017) when they
reached 70 mm from 210 to 255 days (Aug—Sept 2017)
when the displacements increased another 40 mm (Fig. 8).
The largest shear strain in the direction of slope inclination X
were recorded at the depth of 45 m (Fig. 9). In the Y
direction the largest shear strains were recorded at depths of
45 m and 73 m (Fig. 9a, b). A pore pressure sensor, located
at depth of 30 m, registered pore pressures of 258 kPa in
December 2016. Acceleration of movements usually
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Fig. 10 Monitoring results, pore
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occurred after pore pressure drops. After 300 days (October
2017) pore pressure decreased to 139 kPa (Fig. 10). Ground
displacements caused uplift of the coal seem, probably by
the influence of mining and the salt dome. The early warning
alarm trigger was set at 30 mm per day. To the current data
this value hasn’t been detected. However, displacements are
observed to the current date. The total magnitude of the
displacements that could be measured by the system is
approximately 500 mm. By the end of September 2017,
displacements had reached a total of 115 mm.

4 Summary and Conclusions

The implementation of two of the first on-line landslide
monitoring and early warning methods in Poland were pre-
sented. The system in the Carpathians with 4 field stations
and shallow instrumentation up to 16 m depth has been
collecting data for a period of over seven years. The second
newly installed 100 m deep system in Belchatow mine has
been collecting data for a period of 10 months time. Results
indicated the occurrence of small ground movements before
the significant movements on the surface. Additional
important data for the initiation of early warning could be
obtained from pore pressure monitoring. The pore pressure
transducer in the Carpathians located at the sliding surface
depth detected significant increases of pore pressures of
100%. Twenty four hours after the excess of pore pressure
the slide movements usually accelerated. In Belchatow mine
interpretation of pore pressure influence was more difficult to
discern. The pore pressure dropped more than 120 kPa,
probably due to stress relaxation (caused by mining activity)
and the mine water pumping system. However, movement
acceleration usually occurred after significant excess

1 1
100 150 200 250 300 350

days

amounts of pore pressure. The on-line system in Belchatow
detected deep movements 235 m below the natural terrain
level. It was probably caused by the influence of mining and
salt dome structure. This data should help the mine owner
better recognize the risks for exploitation and for the
improvement of west slope stability. The research allowed
testing of new equipment and provided new geotechnical
data. More advanced analysis of obtained results is in pro-
gress and should deliver more comprehensive data for the
early warning system.
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Omar Mimouni, Amira Merchichi, Ghani Cheikh Lounis, Bachir Taleb,

and El Hadi Tahalaitit

Abstract

Ghardaia city is located about 600 km south of Algiers, in
the northern Sahara, at an average altitude of 600 m. It is
part of the Saharan desert plateau called Hamada,
underlain by hard, brown to black limestones of Creta-
ceous age. The city extension is oriented toward the wadi
Mzab which makes it vulnerable to flooding. In this work,
we will present a hydroclimatic area overview, a flooding
risk study in this arid zone, determine the vulnerability of
the city from flooding and propose solutions to avoid such
phenomenon. Recently a dam was proposed and built. We
describe the characteristics as well as the reasons for the
dam location choice.

Keywords
Ghardaia * Saharan desert * Vulnerability
Flooding * Risk * Arid zone ¢ Prevention

1 Introduction

1.1 Geographic Location

Ghardaia province is located in the center part of northern
Algerian Sahara. It is located 632 km south of Algiers, at an
average altitude of 600 m. The province covers a surface of
86,560 km? (Bensmail and Hamouti 2010). Its population is
estimated to reach 370,020 inhabitants (2022). The province
regroups 13 communes within 9 dairas and the Mzab valley
covers 4 communes which are: Bounoura, El Atteuf, Ghar-
daja and Daya (AMENHYD 2009). The Mzab wadi starts at
the confluence of two great tributaries: Hameur wadi from
North West and Labiod wadi from the west (Fig. 1).
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Mzab valley extends at a distance of 20 km length and
2.5 km width. It covers a surface of 50 km” and is located in
the 5000 km? watershed enclosure (Bensmail and Hamouti
2010). The Mzab valley is located in a rocky plateau,
desertic or Hamada shaped by brown and blackish hard
limestones of upper cretaceous age and appears as a vast
rocky area of 200-800 m height slightly inclined from West
to East with a 3% slope. The topographic surface is strongly
eroded by a network of watercourses called Chebka, of
which main wadis are wadi Mzab, wadi Metlili, wadi Seb-
seb, wadi N’sa and wadi Zeghir. The valley draws large
meanders of 1-2 km with a depth of 80-90 m. The topo-
graphic surface of the plateau is made of outcropping rocks
explaining runoff of the slightest rain and lack of vegetation
(Medejeraba 2009).

1.2 Lithology of Mzab Valley

The wadi bed is made of quaternary alluvium and sands. The
turonian limestones constitute its surface overlaying
cenomano-vraconian marls and clays (Fig. 2).

1.3 Climatology

According to data from the national agency of hydraulic
ressource (ANRH) and the Noumrat Ghardaia station, the
climatic characteristics of the Mzab region are:

The rainfall pattern of the studied region is irregular. It is
characterized by a dry and hot period (April-September) and
a mild period (October—March) characterized by short
duration torrential rainfalls. The rainfall amount is low, the
mean annual recorded rainfall is in the order of 81.1 mm
(ANRH 2010).

Minimum temperatures, 7 °C, were recorded in January
and February; Maximum temperatures, 41 °C, were recor-
ded in July and August. The region has a mean annual
temperature of 22.4 °C (ONM 2010).
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Analysis of rainfall data.

Adjustment of rainfall at Ghardaia meteorological station
data for a long observation series (1990-2010) is realized by
HYDROLAB software. This software allows the adjust-
ments to the most frequent laws used in Hydrology: Gauss
Law (to calculate mean monthly and annual flows, monthly
and annual rainfall); Galton Law (mean monthly and annual
flows, monthly and annual rainfall, flood pics and daily
flows); and the Gumbel Law (evaluation of return period for
major rainy events).

Gumbel Law is written as (Pigeon 2005; Lamarre 2008):

F(x) = exp(exp(— u)) withu

= reduced Gumbel variable = (x —a)/b (1)
a and t b correspond to position and scale parameters of F(x)
graph.

fx — e—e[—ot(x—xo)]

(2)

F(x) = fréquency to non overtake = FND = F.et o, xo =
adjustment coefficients.

The parameters (adjustment coefficients) of this law, (X¢)
et () are given by formulas:

1/ x=0.78s (3)

where s = standard deviation of maximum daily rainfall
sample (x).

xo =% — (0.577/ ) ouX = average of x serie.

(4)

The estimation of the value that could reach the studied
value for a given probability can be done either by a straight
reading on a Gumbel probability (Fig. 3) paper or by cal-
culation using formula:

Fig. 3 Adjustment to Gumbel
law for Ghardaia station
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X = ociy + xo. (Equation of theoretical right)  (5)

With y = —[In(— In(f(x))] = reduced Gumbel variable
(Table 1).

For the Mzab watershed, exceptional theoretical daily
maximum precipitations (more than 39 mm/day) adjust to
Gumbel law for different return periods (P10, P50, P100).
These rains can generate an important flow which may
provoke exceptional floods.

1.4 Urbanisation and Settings

Population Valley: 160, 000 hab. Ksours Sites: 50, 000 hab.
Population Density Valley: 42 hab/ha. Ksours: 746 hab/ha
(BG 2001).

Land occupation (Fig. 4) is varied and consists mainly of
dry and irrigated crops, tree crops, palm groves, forests, bare
land, buildings and Ksours.

2 Evaluation of Flood Risk
2.1 Historic of M’Zab Valley Floods

Floods recorded in archives of the region were tabulated in
Table 2 as follow (Bensmail and Hamouti 2010, BG 2001):

Table 1 Maximum daily rainfall for different return periods adjusted
to Gumbel law

Return period (years) P 10 P 50 P 100
Fréquency 0.9 0.98 0.99
Ghardaia station 39.676 46.903 63.169
(Mode=16,73, Gradex=9,75 ,Taille n=23 , I.C. a (en%)=80)
Ajustement a une loi de Gumbel
0.000 1.000 2.000 3.000 4.000 5.000

Reduced Gumbel variable
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Fig. 4 Land cover map in the Mzab valley (2008)
Table 2 Monthly distribution of important floods from 1909 to 2008

Month Flood years Frequency
Sep 1901 1903 1929 1946 1948 1950 1951 1953 1994 9
Oct 1909 1943 1950 1951 1984 1995 2008 7
Nov 1932 1933 1938 3
Dec 1913 1932 1943 3
Jan 1946 1
Feb 1906 1914 1939 1943 1944 5
Mar 1925 1949 1943 1944 1949 1951 1953 7
Apr 1908 1935 1938 1941 1943 1946 1947 1949 1952 1997 10
May 1921 1923 1931 1941 1990 5
Jun 1942 1991 2004 3
July 1951 1953 2

October 1st, 2008 floods

An exceptional flood with a maximum discharge of
1200 m?/s reached Sebkhet Sefioune located at more than
180 km South of Ghardaia. At Metlili, we registered a 6 m
height whereas downstream it exceeded 8 m. The reasons

for this flood are due to a collapse of a hill reservoir built in
2005 at the wadi Laadhira 20 km from Ghardaia chief town.
In fact, heavy rains have caused water accumulation in 2 km
(Figs. 5 and 6). The water pressure provoked a 70 m break
in the reservoir dam and the onslaught of nearly 900 m*/s on
Ghardaia city (Alli Azouaou 2009) (Table 3).
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Fig. 5 Broken dam of El
Haimeur

Fig. 6 Flooding M’zab wadi (oct

2008)

Table 3 Precipitations from
September 28 to October 1st
compared to mean monthly and
annual values

Stations

Ghardaia
ANRH

ONM

Rainfall
cumul (mm)

79.7

47.27

Monthly mean
rainfall (mm)

16.77

14.58

Monthly
index (mm)

4.75

3.24

Annual
rainfall (mm)

83.84

82.04

Annual
index (mm)

0.95

0.58
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Monthly and annual indexes reached very high values
mainly in the Ghardaia ANRH station.

2.2 Hazard Evaluation

It is noticeable that most damaged infrastructure are build-
ings constructed on bed embankments and sometimes inside
bed wadis. We notice also that rainfall drainage networks do
not exist in some areas (Fig. 7).

During the flood, many houses located in the Daya Ben
Dahoua commune, agricultural lands and roads were dam-
aged (Fig. 8).

Hazard Classification in Mzab valley
The study zone is separated in three classes: strong, mod-
erate and weak hazard:

Strong hazard: Corresponds to one of the three cases
below:

— Frequent flooding (return period less than 10 years);
— Submersion height over one meter during the referential
flood (referential flood is the strongest known flood)

— Water velocity exceeds referential flood velocity by more
than 1 m/s.

Moderate hazard: Area flooded by at least two historical
floods.

Weak hazard: Area flooded by only one flood.

To construct the hazard map we considered the October
Ist 2008 which we separated in three hazard classes. We
then considered three classes, strong, moderate and weak.
This classification is made after measuring water heights
during this flood and after PDAU classification, (Head plan
of urban planning) (Table 4).

These classes are mentioned in Table 5 (Fig. 9).

2.3 Vulnérability Evaluation

Vulnerability is the predisposition to be flooded. It is
accentuated by some aspects that favor:

e Anarchic urbanization and occupation of the wadi beds.
e Lack of maintenance of wadis and swales.
e Human activity sometimes harmful.

e —

-

Corrections types

: Pas d'intervention
: Reconstitution du it !
: Confortement ces murs [‘L;-':
—— : Digues
. Chenal frapézoial
= : Chenal rectangulare

Fig. 7 Location of Mzab wadi land use in urban areas (Djellouli Tabet 2010)
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Fig. 8 01 October 2008 flood (http://observers.france24.com/fr/2008)

Table 4 Hazard classification according to water height

Type of hazard Water height (m)

Weak hazard 0to 0.5
Moderate hazard 05to1
Strong hazard >1

Table 5 Vulnerability classification

Agricultural vulnerability Urban Agricultural
vulnerability vulnerability

Wasteland + bare land 1

Palm grove 2

Habitat + palm grove 3

Leisure infrastructure 1

Cemetery 1

Collective and semi 2

collective habitat

Individual habitat

Mixed habitat (commerce 4

or service)

Commerce and equipement

Aeroport

Industrial zone 6

It seemed appropriate to two kinds of

vulnerabilities:

identify

e Urban vulnerability includes all other tenure types.

e Agricultural vulnerability, which includes palm groves,
agriculture and wastelands that are very vulnerable
because, by definition, they are land that is not used.

We assign a reference to each type of soil occupation
according to a scale starting from 01 for a weaker vulnera-
bility to 06 for a stronger vulnerability (Cheikh Lounis et al.
2013; Mimouni et al. 2009).

Vulnerability classes show the diffusion from upstream to
downstream of high vulnerability sectors according to the
soil occupation variation during the 30 years reference
(Fig. 10).

2.4 Flood Risk in Mzab Valley

It is necessary to compare agricultural and urban vulnera-
bility with hazard classification. In order to construct a risk
map, we selected GIS application (software Arc GIS map-
ping) (Saley et al. 2003) (Tables 6 and 7).

In the flood zones, urbanized lands of high vulnerability
are evolving, therefore the risk increases with land use
change (Fig. 11). In fact, the risk is a consequence of
increasing urbanization in the Mzab valley.

Zones classified with high flooding risk are those where
risk values are 3, 4 and 5.

2.5 Study of El Haimeur Clipper Dam Feasability

After these serious floods, investment programs to restore
damaged infrastructure were instituted. The idea to build the
El Haimeur dam was a response to the needs reducing floods
and containing increasing Laadhira wadi flows in dry
seasons.

The body of the dam will be made by alluvium, com-
pacted layer by layer. A key anchor at 4 m depth reduces
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Fig. 10 Evaluation of urban and
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Table 6 Agricultural risk classification

Agricultural Agricultural Agricultural
vulnerability vulnerability vulnerability
level 1 level 2 level 3

Hazard 1 1 1 2

Hazard 2 1 2 3

Hazard 3 |2 3 3

Table 7 Urban risk classification

Level 1 |Level2 Level3 Level4 Level5 Level 6
Hazard 1 |1 1 2 3 4 5
Hazard 2 |1 2 3 4 4 5
Hazard 3 | 2 3 3 4 5 5

water flow through the foundation and lengthens the filtra-
tion path. It will be built with compacted wadi alluvium.
A sloping drain and a drain mats will allow evacuation of
infiltration waters outside the dam. The dam embankment

will be protected from erosion with a Rip-Rap (30/850)
upstream and rockfills (10/300) downstream. An upstream
drainage trench will dissipate pore pressure in the
foundation.

The upstream face will be equipped with a berm at a
552.2 m with a width of 4 m. Its first role is as a cofferdam
to protect the second phase of dam construction from the
decennial flood. It will play an important role during the
riprap installation in the upstream dam.

Dimensions of maximal section are presented as follow
(BG 2001):

Main retention characteristics

— Height of normal retention: 555.8 NGA

— Area of normal level retention: 200 ha

— Capacity to normal retention: 7.2 Mm®

— Cutting Edge: 4.8 Mm®

— PHEE height: 557.9 NGA
Area of retention at PHEE level: 250 ha (Fig. 12;
Table 8).

Urban hazard Agricultural hazard

Index 2 Index 2
= Index 3 idaiEa
o Index 4

Index 5

Fig. 11 Risk flooding map in Mzab valley (PDAU Mzab valley)
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Background

Fig. 12 Overview of El Haimeur dam

El Haimeur Dam

Spillway

Table 8 Characteristics of water level fluctuations (case of a centennial flood)

Upward
Time (h) Average speed (m/s)
El Haimmeur 15 22 %107

3 Conclusions

Despite its arid climate the Mzab valley is subject to
important floods that can be very severe and very harmfull to
the population, infrastructure as well as agriculture.

Accelerating urbanization in Mzab valley enhanced soil
sealing by building and infrastructure, increase surface
runoff and flood occurrence. Human and economic losses
due to floods are not solely due to the intensity of a flood,
but also the effect of the increase in the vulnerability factor.

The most recent floods in Mzab valley revealed serious
problems, linked to the risk management. Thus, increasing
population and concentration of activities in the valley,
makes the urban environment a major challenge.
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Chen Xiaoli and Liu Chunguo

Abstract

There is a need for landslide susceptibility models that
can be used to quickly predict the locations of
earthquake-triggered landslides after large seismic events.
As a triggering factor, peak ground acceleration (PGA),
which is a measurement of the magnitude of seismic
ground motion, has a close relationship with the land-
slides occurrences and usually is used as an indicator in
the assessment of landslides hazards. However, the
landslides triggered by the 2014 Ludian earthquake,
Yunnan, China show an exception. Different from other
events, the landslides exhibit a particular pattern of spatial
distribution. They did not occur along a fault or structural
zone linearly, instead being relatively concentrated in
several locations southeast and west of the epicenter. The
usually used factors for landslides assessment such as
earthquake magnitude, the distance to epicenter or faults
as well as PGA cannot give a reasonable explanation to
this phenomenon. Considering the physical mechanism of
earthquake triggered landslides, a slope performance
during a shaking event mainly depends on two parts:
one is the stability of itself, which can be represented by
critical acceleration obtained by Newmark method model
analysis, and the other is the trigger intensity, which can
be measured by PGA. Thus, for a given PGA, whether or
not a landslide occurs depends on not only the PGA, but
also the stability of the slope itself. Based on these, we
use the Newmark’s method model to analysis critical
acceleration in the landslides affected area during the
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Ludian earthquake, and find that the results can make it
explicable for the particular distribution patter.

Keywords

Earthquake-triggered landslides ¢ Peak ground
acceleration ¢ Slope stability ¢ Critical acceleration *
Newmark model

1 Introduction

Earthquake-triggered landslides can increase greatly the
destructive impact of earthquakes in mountainous areas.
Sometimes a great loss of lives and properties caused by
landslides even exceeds the losses caused by the earthquake
itself, as it is shown by the 2008 Wenchuan earthquake. For
effective mitigation of the disaster, quickly knowing where
the most landslides damaged places are located is important
for the rescuing managing strategy (Bommer et al. 2002).
However, relatively less attention has been focused on rapid
response assessments associated with coseismic landsides.

As a triggering factor, peak ground acceleration (PGA),
which is a measurement of the magnitude of seismic ground
motion, is closely correlated with landslide occurrence (Harp
and Jibson 1996; Keefer 1984; Sato et al. 2007; Meunier
et al. 2007; Dai et al. 2011; Qi et al. 2010), and it is often
used as an index to predict where landslides are likely to
occur during an earthquake event. However, some case
studies show different phenomena that there exist places
with larger PGA but less landslides, such as the 2014
Ludian, Yunnan, China, earthquake (Mw 6.1).

In this paper, we apply a simplified Newmark method to
address the issue above. The critical acceleration which can be
obtained by the Newmark method is used as an index to portray
slope stability in the study area. Then, combined with the peak
ground acceleration distribution map caused by the 2014 Ludian
earthquake, we conduct the assessment of coseismic landslide
hazard and compare the results with the actual landslides.
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2 Data and Methodology
2.1 Landslides Triggered by the 2014 Ludian
Mw6.1 Earthquake

The 2014 Ludian Mw6.1 earthquake occurred in south-
western China, the southeastern margin of the Tibetan pla-
teau (Fig. 1). Most high mountains in this region trend in
NE-SW direction, along which tectonic uplift and river
incision have resulted in great topographical relief. There

Fig. 1 Geologic map of the

exist numerous V-shaped river valleys with steep, some-
where even nearly vertical, slopes on either side of the rivers.

Pre- and post-earthquake satellite images and air photos
showed that at least 1024 landslides larger than 100 m* were
triggered by the 2014 Ludian earthquake, which occupied a
total area of 5.19 km?* (Xu et al. 2014). The majority of them
occur at the river reaches with cliffs, while few landslides
occurred near the epicenter or in areas to the north and south.
Field investigations showed that they were dominated by
shallow slope failures and rock or soil slides, with size of a
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few cubic meters for rock falls and of tens of million cubic
meters for rock avalanches (Chen et al. 2015).

2.2 Slope Critical Acceleration

We use the Newmark method to calculate the critical
accelerations for the natural slopes (Newmark 1965; Jibson
et al. 2000). In this method, the key inputs are local topo-
graphic slope and material strength. Here, SRTM 90 m
(http://srtm.csi.cgiar.org/SELECTION/inputCoord.asp)  is
used to produce the slope map (Fig. 2). Meanwhile,
1:200,000-scale geologic maps (CGS 2001) of the region is
applied to form the basis for assigning material properties
(Fig. 1).

When the two datasets are decided, they are combined to
yield the critical acceleration grids. For a given shaking
level, any two slopes that have the same critical acceleration
will behave the same, regardless of how those slopes might

Fig. 2 Map showing the
distribution of slope gradients in
the Ludian earthquake region
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differ in geometry or material properties. The critical accel-
eration map thus serves as one to delineate slope stability of
the study area (Jibson et al. 2000) (Fig. 3).

2.3 Peak Ground Acceleration (PGA)

We prepare the map on distribution of peak ground accel-
erations based on the ground motions data recorded by
seismic stations around the study region. There are 12
seismic stations recorded the ground motions of the 2014
Ludian shock. These seismic stations are mainly distributed
in the NE direction. Among these seismic stations, the
Longtou town seismic station (labeled S3LLT in Fig. 3) is
the only one located near the epicenter, which recorded the
highest PGA values: NS, EW and vertical components are
948.5, 704.9, and 503.8 Gal, respectively (Chang et al.
2016). Except that, other seismic stations recorded com-
paratively lower PGA values less than 0.2 g.
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Fig. 3 Map showing the
distribution of critical
accelerations in the study area
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Despite of the uneven distribution of the seismic stations,
the distribution map of peak ground acceleration of the study
region is generated by applying spatial analyst tools in
ArcGIS 9.2 (Fig. 4).

3 Results

Considering the physical mechanism of earthquake-triggered
landslides, the behavior of a slope during a shaking event
mainly depends on two factors: one is the stability of the slope,
the other is the trigger intensity. And it becomes explicable that
the places with same PGA may differ much in the landslides
occurrence due to the different slopes stabilities.

Based on this principle, the assessment of regional
co-seismic landslides hazard is conducted by comparing the
critical acceleration with PGA value at each computing cell.
The results are classified into 5 levels, namely high,
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moderate high, moderate, light and very light level, repre-
senting different hazardous degrees. Figure 5 shows a map
of the predicted landslide hazard zones and the Ludian-
earthquake triggered landslides, which demonstrates how
well the high and moderate high landslide hazard zones
capture what actually happened.

4 Discussion

In this contribution, the method applied here doesn’t mean to
predict the precise location of every real landslide; instead, it
provides information to help identify areas heavily impacted
by earthquake-triggered slope failures and assist disaster
response activities. More important for rapidly mapping the
landslide susceptible areas, this procedure is easy-operation
because the required input datasets are few and calculation is
simple.
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Fig. 4 Map showing the
distribution of peak ground
acceleration in the Ludian
earthquake region

28°0°0"N—

Xiache

27°0'0"N=

104°0'0"E

N

A

. epicenter
A seismic stations

PGA (g)

Bl 0!

[ 04-02
0.2 - 0.3
0.3 - 0.1
0.4- 0.5
0.5 0.6
0.6 - 0.7
0.7 - 0.8
0
0
1
>

JONNREOO0E

- 1L0
- 11
=11

5
6
7
L8 - 0.9
9
0

Critical acceleration represented by the slope stability is
in general agreement with the distribution of observed
landslides, which implies that the distribution of slope sta-
bility controls the pattern of landslides to a large extent.
Thus, based on critical acceleration analysis, the distribution
of landslides can be effectively connected with the distri-
bution of PGA. Comparing with using PGA alone as an
index to assess the co-seismic landslides hazard after an
earthquake, the method presented in this study, which
considers the stability of slopes in advance, has a big
advantage of providing a more accurate result by indicat-
ing the places most likely to be subjected to landslides. For a
given earthquake, slope behavior depends on the comparison

between its stability and the shaking intensity it experiences.
If the ground motion doesn’t reach the threshold required by
slope failures, it will result in few landslides even though the
slope is near to the epicenter, which is just what happened in
the Ludian earthquake area.

It should be noted that the procedure to generate PGA
distribution is a purely mathematic calculation and does not
consider the direction of PGA attenuation with respect to the
strike-slip fault. The estimated PGA map may not precisely
reflect the site PGA, resulting in errors in the predictions.
Thus, the method used to obtain a PGA distribution map
needs further study in the future.
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Fig. 5 Map showing landslide

hazard zones and real landslides
triggered by the 2014 Ludian
earthquake in the study area
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5 Conclusions

On the basis of Newmark method, this work maps the slope
seismic stability represented by critical accelerations using
the data from the Ludian earthquake area. The results show
that the distribution of slope stability controls the pattern of
co-seismic landslides to a large degree.

The differences between the critical accelerations and
PGAs are applied to assess the potential earthquake-
triggered landslides. The study region is divided into 5
landslide hazard zones of high, moderate high, moderate,
light and very light levels. Comparison shows the resultant
landslides hazard zones are in general agreement with dis-
tribution of coseismic landslides, indicating effectiveness of
the method.

Although this method cannot make a forecast in a rig-
orous way, it is a far more practical utility for providing the
comparatively accurate information about where the most
landslide damaged areas may be located, which is important
for an emergence preparedness planning.
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Ranjan Kumar Dahal

Abstract

Nepal is an earthquake-prone country and earthquakes in
Nepal have been documented since 1255. Earthquake-
induced landslides, mainly rockfall and dry debris fall were
major geological issues after the 2015 Gorkha Earthquake in
central Nepal. Many hydropower projects and roads of
central Nepal faced rockfall problems after the earthquake
and the damaged areas need extensive support for research
and mitigations. As aresult, a mitigation plan was initiated in
a hydropower project. Detailed investigation has been done
to understand the rockfall problems and a suitable remedy for
the selected project site was implemented. This paper
describes rockfall problems in Nepal and their analysis. It
also briefly describes a site modeled for rockfall protection
and suggests new technology for rockfall protection systems
in the Himalaya.

Keywords
Rockfall « The 2015 Gorkha Earthquake *
Nepal ¢ Himalaya

1 Introduction

Varnes (1978) defines rockfall as a fragment of rock
detached by sliding, toppling, or falling, that falls along a
vertical or sub-vertical cliff, proceeds down slope by
bouncing and flying along ballistic trajectories or by rolling
on talus or debris slopes. The detachment of rock blocks
from the cliff usually follow various natural mechanisms
such as freezing and thawing cycles, seismic activities and
by anthropogenic activities in the slope such as blasting, and
heavy machinery movement (Einstein 1988; McCarroll et al.
1998; Bull et al. 1994; Vidrih et al. 2001; Abebe et al. 2010;
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Matsuoka and Sakai 1999; Dorren 2003; Volkwein et al.
2011). In fact, rockfall process is most importantly a slow
time-dependent deformation of the slope materials and fall-
ing of rock blocks. There is no standard size for rockfalls and
they can be of any size. Likewise, rockfalls can occur in all
rock types ranging from granite to mudstone.

Nepal is earthquake-prone country and earthquakes in
Nepal have been documented since 1255. The recent 2015
Gorkha Earthquake measuring Mw 7.8 occurred at 11:56
AM Nepal Standard Time on 25 April 2015 with an epi-
center 77 km northwest of Kathmandu at Barpak village of
Gorkha district and killed about 9000 people. Rockfall and
dry debris fall were the major earthquake-induced landslides
after the 2015 Gorkha Earthquake (Dahal 2015). Rockfall
events are serious engineering challenges to infrastructure
projects in Nepal—primarily highways and hydropower
projects. Until now little progress has been made in miti-
gating these geodisaster problems in the Himalayas with
modern engineering solutions. Geological settings and rock
mass properties play vital role for rockfall protection mea-
sures. Joints in rock mass and the overall structure on rock
slopes are the dominant contributors to rockfall (Dahal et al.
2014). In rockfall, the size of boulder or block can range
from small cobbles to large boulders having hundreds of
cubic meters in volume, and travel at speeds ranging from a
few to tens of meters per second with enormous energy.
Annually, Rockfall events cause tremendous damage to life
and property in Nepal, especially along highways, settle-
ments and hydropower projects (Dahal 2016).

An initiative has been made in Nepal for rockfall miti-
gation on slopes adjacent to hydropower projects and road
slopes. Two sites were selected for installation of rockfall
mitigation systems.

The first site is the Siddhababa area (Figs. 1 and 2) that
covers almost 2 km of the Siddhartha Highway of western
Nepal, a very famous problematic rockfall site in Nepal. The
construction of the Siddhartha Highway was completed in
1971 with the financial aid of the Government of India to
connect the Indian boarder town Sunauli with the touristic
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Fig. 1 Geological map of Nepal and location of Siddhababa and Upper Bhotekoshi hydropower project where rockfall mitigation systems were

installed

city Pokhara of Nepal. This 180 km long highway passes
through relentless bends and curves making it one of the
most adventurous roads of Nepal.

Another site (Figs. 1 and 3) is uphill slope of penstocks
site of the Upper Bhotekoshi Hydropower Project which was
damaged irreparably by rockfall after 2015 Gorkha earth-
quake. Rockfall mitigation system such as rockfall barriers
and gully nets were used to protect penstock site from
Rockfall problems.

Fig. 2 Model site and
surrounding geological settings at
the Siddhababa area
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2 Current Practices and Need of New
Technology to Protect from Rockfall

Low cost landslide and roadside slope mitigation practices
are well established in Nepal. For protection from rockfalls,
landslides and debris flows, measures such as cement stone
masonry walls, gabion retaining walls, cascade drainage,
bioengineering systems, small fences and upslope catchment

Model
site

To Butwal
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Fig. 3 Rockfall problem in Upper Bhotekoshi Hydropower Project
after the Gorkha Earthquake

drains are currently used in Nepal. Rock bolting and counter
forts are rarely used in Nepal. Among these methods, gabion
and stone masonry retaining walls are most often installed.
Such protection systems are good for shallow soil slope
failure and erosion protection only. They are not suitable for
the rockfall protection systems. The flexible gabion wall
cannot dissipate the high impact energy of rock fragments
and the failure of such protection measures is common on
roadside slopes. The current low-cost mitigation practices
applied in Nepal for rockfall protection have not been totally
successful at all infrastructure development projects, settle-
ments and utilities.

Steep topography at rockfall hazard locations usually
precludes the use of low-cost structure measures. Likewise,
during monsoon, heavy rainfall always washes out the slope
protection structures and so they serve as temporary pro-
tection measures only. Failure of low-cost structures
increases the damages on roadside slopes and annual con-
struction of new low-cost structures increases the overall
cost of the project finally resulting in a great economic loss
to the country. Therefore, for a long-term economical solu-
tion, a new technology should be adapted for Himalayan
geological and geotechnical settings which can perform well
for rockfall protection system on slopes.

Many innovative solutions are available for the rockfall
protection which are tested in various laboratories and are
found to be suitable to mitigate Nepalese rockfall problems.
Rockfall barriers are developed to protect infrastructure,
utilities, buildings and people from falling rocks and debris.
Rockfall barriers can be classified into rigid or flexible and
the flexible ones can be installed, with or without retaining
ropes. Typical rockfall protection barriers can be installed in
run-out or depositional zones, close to the elements at risk.
For this purpose, a wide range of tested rockfall protection
barriers that differ in the maximum energy level, 100—8000
kJ, and the approved heights, 2.5-9.0 m, are available. Due

to modular construction and variable construction methods,
rockfall protection systems can be easily adapted to topo-
graphical conditions of Nepal. To verify the performance
capabilities of net and rockfall barriers, usually impact tests
or crash test are conducted. The normative ETAG 027 (Peila
and Ronco 2009) classifies rockfall barriers in eight different
energy classes and for each of them there are two different
energy levels named as Service Energy Level (in kilojoules)
and Maximum Energy Level (in kilojoules). All the rockfall
protection systems now available in Nepal are tested at
globally certified test sites and approved by many indepen-
dent institutes.

Because rockfalls are unpredictable and incapable of
being analyzed with precision, the concept of a factor of
safety is not appropriate. The current approach of rockfall
study is to use a rock slope inventory system to predict the
Rockfall risk to highway users and then, by means of a
computational simulation, to attempt to predict their likely
paths in order to make decisions about measures required to
mitigate their effects.

Design of protection measures requires data for two basic
parameters of Rockfalls—impact energy and trajectory. That
is, information is required on the mass and velocity of falls to
determine the required energy capacity, and on trajectory
paths and impact locations to determine the optimum location
and dimensions of the barrier or fence. Development of these
design parameters requires the collection of relevant site data,
followed by analysis of energies and trajectories and then
selection and design of the appropriate protection measure.

3 Siddhababa Model Site

The Siddhababa area that covers 2.1 km of the Siddhartha
Highway is famous for most problematic site for rockfall and
slope instabilities in Nepal (Fig. 1). This road constructed in
1971 with the financial aid of the Indian Government con-
nects the Indian boarder town Sunauli with Pokhara, famous
tourist city of Nepal. This 180 km long highway passes
through relentless bends and curves making it one of the
adventurous roads of Nepal. Siddhartha Highway is also one
of the busiest highways of Nepal with daily traffic volume in
Siddhababa area exceeding 3000 vehicles per day. Such high
traffic volume increases the vulnerability of the area because
the probability of a vehicle getting hit by a falling rock
increases with the increase in traffic volume. It is estimated
that approximately 75 rockfall events happen in this area
every year. Rockfall frequency is highest at the end of
monsoon as well as in the winter and spring. During the past
three years an average of 10 people per year are killed and
about 20 people are injured from rockfall in this area. Apart
from the loss of life and property, every year the highway is
blocked for long periods of time due to the fallen rocks and
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Fig. 4 Model site in Siddhababa.
Skilled labors and engineers are
installing barriers on left photo
and on right phone rock nets
installed on hanging sandstone
bed

debris, which contributes to further socioeconomic losses in
the region. In total, 13 problematic sites for rockfall were
identified in the Siddhababa area. Problematic sites were
coded as B1 to B13. Out of 13 sites, some part of B8 site
was selected for model site installation. In the model site, a
rockfall barrier system of 27 m length having maximum

Fig. 5 Rockfall simulation on
trajectory A, Gully 1 without the
barriers and with barriers. This
helped to understand importance
of rockfall barriers in the slope

I Fock detitus
- Sobd rock

energy level of 1000 kJ is installed along with 120 m? of
wire mesh net (Fig. 4). The purpose of model site is to
illustrate the function of new technology of rockfall pro-
tection system for Nepal. The model site is now performing
well and few rock boulders of size up to 1 m3 have been
stopped by this barrier.

I Aock detritus
I o' rock
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Fig. 6 Already installed rockfall
protection barrier on uphill slope
of Upper Bhotekoshi Hydropower
Project

4 The Upper Bhotekoshi Hydropower
Project

The Upper Bhotekoshi Hydropower Project is a
run-of-the-river hydropower plant in Sindhupalchowk dis-
trict, Nepal and it is situated at approximately 105 km
northeast of Kathmandu. The Powerhouse site lies at latitude
27°54'45 "N and longitude 85°5528 "E. It was constructed
between 1997 and 2000 and power generation started in
January 2001. During 2015 Gorkha Earthquake, consider-
able damage had been observed in the project site. The
penstock pipes were hit by the Rockfall and were irreparably
damaged. The rocks are highly fractured quartzite and
phyllite of the Lesser Himalayan Zone. To design an effec-
tive mitigation barrier at this site, rockfall simulations have
been performed (Fig. 5) to understand trajectories and
impact locations of rockfalls in the project area. There are
drastic changes in rockfall scenarios after installation of
rockfall barriers. Simulations suggested to a 3000 kJ system
are necessary for optimum protection (Fig. 6).

In total, four rows of flexible barriers approximately
310 m total in length were installed in the area. The rock
nets are performing well and already lots of boulders stop-
ped. Rockfall is continuous on the site and more frequent in
the gullies. Many rockfalls were seen on the rainy days
along with the debris flow through the gullies.

5 Concluding Remarks

This paper describes and discusses new technologies for
Rockfall mitigation in the Nepalese slopes. It highlights their
importance and installation works. Talking about new
technologies is quite easy but implementation is very chal-
lenging due to limited resources and limited availability of
specialized equipment in Nepal for difficult to access slopes.
Installation of rock nets and barriers in the Nepalese slopes
suggests that they drastically improve roadside safety and
protect hydropower projects in the Nepal Himalaya.
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Pedro Martins

Abstract

Internal erosion is a well-documented process in the
geotechnical literature. Whilst the process is typically
associated with water-retaining structures, it can also
occur in natural terrain. Internal erosion and sinkholes
have historically posed significant challenges for infras-
tructure projects in New Zealand. This paper discusses
some historical and recent examples of these challenges.
Volcanic soils, in particular those associated with pyro-
clastic environments, such as the central segment of the
Taupo Volcanic Zone in the North Island of New
Zealand, are particularly prone to internal erosion. The
potential risks arising from internal erosion should not be
underestimated for projects in volcanic areas, in particular
for projects involving water retaining structures and/or
stormwater disposal by soakage. A robust design,
supported by a detailed geotechnical investigation specif-
ically targeted at identifying internal erosion potential is
recommended to better manage these risks.

Keywords
Internal erosion ¢ Sinkhole ¢ Volcanic soils
Infrastructure projects * New Zealand

1 Introduction

Internal erosion is a well-documented process in the
geotechnical literature. Whilst the process is typically asso-
ciated with water-retaining structures, it can also occur in
natural terrain. Internal erosion and sinkholes have histori-
cally posed significant challenges for infrastructure projects
in New Zealand. This paper discusses some historical and
recent examples of these challenges.
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A large portion of the central North Island of New
Zealand is underlain by volcanic soils and rocks derived
from the Taupo Volcanic Zone (TVZ). Whilst in the north-
ern and southern segments of the TVZ volcanism occurs
mainly as cone-building eruptions of andesite, in the central
segment volcanism is dominated by explosive eruptions of
rhyolite, with calderas and rift basins infilled with more than
15,000 km® of air-fall deposits, ignimbrites, and lavas
(Wilson et al. 1995; Rowland and Simmons 2012).

2 Theoretical Background—Internal Erosion
and Sinkholes

Internal erosion occurs when soil particles from within a
volume of soil are carried downstream by seepage flow (Fell
et al. 2008). The initiation of internal erosion can occur by
four main mechanisms (ICOLD 2013):

Concentrated leaks: where there are pre-existing open-
ings (such as cracks, rootholes or interconnecting voids)
through which concentrated flow occurs, the sides of the
opening may be eroded by the flowing water. Dispersion,
where the clay particles deflocculate and are transported
in colloidal state, is also included in the concentrated
leaks category under the ICOLD (2013) classification.

e Backward erosion: occurs where critically high
hydraulic gradients at the toe of a dam erode particles
upwards and backwards, often forming small erosion
channels or pipes.

e Contact erosion: occurs where a coarse soil such as
gravel is in contact with a fine soil, and flow parallel to
the contact in the coarse soil erodes the fine soil.

e Suffusion: occurs when fine particles of soil are trans-

ported by seepage flow through the pores of coarser

particles.

Where the soils surrounding the zone of internal erosion
are competent enough cavities can be formed. As the process
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develops the cavities can reach the ground surface, forming a
continuous pipe. At this point, the flow rate, and hence the
erosion potential, increases significantly. As the pipe enlar-
ges, the soil cover gets progressively thinner, up to a point
where the roof of the pipe collapses, forming a sinkhole.

3 Case Histories of Internal Erosion
in the North Island of New Zealand
3.1 Ruahihi Canal Failure (1981)
The Ruahihi canal, in the Bay of Plenty, failed one day after the
power scheme being officially opened. ‘Water in the 3350 m
long headrace canal, in a matter of about an hour, had
scoured a chasm, 500 m long, 100 m wide and 40 m deep’
(Oborn 1988, p. 574). The canal was constructed through
volcanic terrain consisting of air-fall and pyroclastic flow
deposits and failed due to internal erosion followed by col-
lapse. The failure process started with water seeping through
the clay lining, which led to internal erosion and evolved to full
collapse of the slopes of the canal (Oborn 1988).

Remedial measures involved extensive earthworks to
reshape the canal and significant changes to the lining system.
These changes included the construction of an underground
drain along the canal invert, the installation of a drainage layer
beneath the lining and placement of an impermeable mem-
brane of high density polyethylene (HDPE) (Oborn 1988).

3.2 Wheao Power Scheme Canal Failure (1982)

The headrace canal of the Wheao power scheme, in the Bay of
Plenty, failed shortly after being filled for the first time, ‘driving
thousands of tonnes of large boulders to engulf the power-
house’ (Jones 1988, p. 561). The canal was built through vol-
canic ashes and ignimbrites and failed by internal erosion due to
leakage along the interface between the clay lining of the canal
and the concrete penstock intake structure (Jones 1988).
Remedial measures included the construction of a new
penstock intake structure 125 m upstream of the original
location so that it could be founded on more competent and
less erodible ignimbrite. Also, a 75 m long transition zone
between the clay-lined canal and the new intake structure
was built using a flexible concrete lining (Jones 1988).

3.3 Poihipi Reservoir Failure (1996)

The Poihipi reservoir formed a water storage for firefighting
purposes at the Poihipi geothermal scheme near Taupo, in the
Waikato. Soon after the initial filling, the HDPE lined
reservoir breached due to piping through the foundation (Tate
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2003). The foundation of the reservoir consisted of tephras of
the TVZ, including pumice silts, sands and gravels. The
piping process is thought to have started due to leakage
through the liner in an area where pipes penetrated the liner
for inlets and outlets, and followed an active fault that was
present beneath the footprint of the reservoir (Tate 2003).

The main remedial measure implemented was the con-
struction of a new reservoir some 100 m away from the
failed one. Key features of this new reservoir included
careful design and detailed construction quality control of
the pipe penetrations through the lining, and placement of a
1 m thick filter layer beneath the lining (Tate 2003).

4 Recent Cases of Internal Erosion and Their
Remedial Solutions
4,1 State Highway 5 Tumunui Sinkhole (2016)
State Highway 5 (SH5) is a regional strategic highway in the
central North Island. On 23 June 2016, following 110 mm of
rain in 24 h, a section of SH5 at Tumunui, about 18 km
south of Rotorua, suffered significant damage due to internal
erosion.
4.1.1 Site Investigation, Ground Model
and Internal Erosion Process
A site walkover was carried out and it was observed that a
12 m long section of the road, bound by cracks extending
across the whole width of the pavement, had dropped about
30 mm (Fig. 1). Aligned with this section, sinkholes had
developed in paddocks on both sides of the road. To the
west, a 10 m wide sinkhole had extended for more than
100 m, terminating as a natural tunnel into a hill (Fig. 2).

A desk study was completed, followed by a short
geotechnical investigation. A cross-section illustrating the
ground model for the site is shown in Fig. 3. It was identi-
fied that the area is an enclosed depression corresponding to
a volcanic vent. From this depression the only possible exit
for all water in the catchment is via groundwater flow.

It was concluded that a layer of loose pumiceous sands
between 4 and 7 m depth was the main zone where internal
erosion was developing. The width of the internal erosion
zone was interpreted to be around 12 m, as marked by the
cracks on the pavement. Lastly, it was concluded that the
internal erosion was well developed under the road and the
shallow soils were unable to bridge the voids, therefore
creating a risk of road collapse.

4.1.2 Remedial Solution: Concept

and Construction
A number of remedial solutions were discussed with the
New Zealand Transport Agency. The preferred option was a
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Fig. 1 Observed damage to the
road. a North crack; b Detail of
the north crack; ¢ South cracks, as
indicated by the arrows. After
Martins and Toan (2017)

()

Fig. 2 Sinkholes developed in
the adjacent properties. a Looking
east from the hill towards the
road. b Looking west from the
road towards the hill. After
Martins and Toan (2017)
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geogrid-reinforced soil raft, capable of spanning the voids
whilst providing enough robustness to avoid sudden col-
lapse, should the cavities enlarge as the erosion progresses.
The final design of the geogrid-reinforced soil raft was
carried out based on BS 8006-1:2010 (British Standards
Institution 2010).

During construction, the anticipated ground model was
generally confirmed and no significant cavities were

MIXED SOILS (NATURAL DEBRIS INFILLING VOIDS)
INTERBEDDED CLAYS, SILTS AND FINE SANDS

CrMICTI T LT IOTT
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BOLDERS (CEMENTED BY IRON OXIDES)

4 SANDY SILT

ZONE OF INTERNAL EROSION
(ARROWS INDICATE GROUNDWATER FLOW)

encountered within the excavation to 4 m depth. Some small
cavities up to 200 mm long and 20 mm wide were observed
along a set of widely spaced subvertical fractures. These
subvertical fractures were only observed within the 12 m
wide zone delimited by the north and south cracks in the
pavement. The north and south cracks themselves were
found to be surface traces of the subvertical fractures, and
could be traced along the full height of the walls of the
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Fig. 4 Sinkhole observed in the playfield of the school. GPR survey
underway

excavation. No displacements were observed across any
fractures at the site.

4.2 School Site Playfield Sinkhole (2015)

In 2014 a new school was being constructed at a site in the
North Island of New Zealand. The geology of the site con-
sisted mainly of unwelded and variably weathered ign-
imbrites, overlain by weathered volcanic ashes. Construction
of the main buildings and playfields had been completed by
early 2015 and nothing unusual occurred at the site in the
following dry summer months. However, when the first
heavy autumn rains started to fall in the region in May, a
sinkhole appeared in one of the playfields.

4.2.1 Site Investigation and Ground Model

A site walkover was carried out and a sinkhole of about 7 m
diameter and possibly 3—4 m depth was observed (Fig. 4).
Around the sinkhole, across an area of approximately
150 m?, cracks up to 90 mm wide had appeared in the
playfield (Fig. 5a). Within the cracked area, a block of about
7 x 8 m had dropped approximately 80 mm (Fig. 5b).

Fig. 5 Cracks observed in the
area around the sinkhole.

a 90 mm wide crack; b The block
to the left of the crack dropped
about 80 mm

(a)

Following the site walkover, a GPR survey was under-
taken in an attempt to identify cavities in the area (Fig. 4).
Whilst some potential anomalies were initially identified,
subsequent hand augers aimed at ground-truthing the GPR
did not find any cavities or soft spots.

It was then decided to proceed with a large test pit to
investigate the extent of the collapsed debris and try to
identify the base of the internal erosion system.
Sub-horizontal cavities up to 100 mm diameter, both open
and infilled with material from the upper soils that washed
down, were observed to a maximum depth of 5 m. The
cavities developed mainly along more sandy pumice layers
within the predominantly silty clayey weathered ignimbrite.

4.2.2 Remedial Solution: Concept
and Construction

Based on the findings of the test pit excavation, it was
decided that the most practical remedial solution was to
widen the base of the excavation and install a granular filter
with a controlled outlet. The concept was to retain the soil
particles, provide a controlled flow path for water that enters
the internal erosion area, help drop the groundwater pres-
sures that may build up and reduce the amount of water
flowing towards the natural outlets.

Larger cavities were found during the widening of the
excavation (Fig. 6), but no change in design was required as
the cavities were restricted to shallow depths. A filter layer
800 mm thick was installed at the base of the excavation
(Fig. 7), with a coil of drainage (slotted) plastic pipe placed
within. A polyethylene pipe was directionally drilled from
downstream and connected to the drainage pipe to provide
an outlet for the water collected by the system. The exca-
vation was then backfilled with the excavated soils.

5 Conclusions

Volcanic soils, in particular those associated with pyroclastic
environments, such as the central segment of the Taupo
Volcanic Zone, are especially prone to internal erosion. This
can cause significant challenges for infrastructure projects,
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Fig. 6 Approximately 1 m
diameter cavity observed during
construction

Fig. 7 800 mm thick granular
filter layer installed at the base of
the excavation

as learnt from a number of case histories of failure. The
potential risks arising from internal erosion should not be
underestimated for projects in volcanic areas, in particular
for projects involving water retaining structures and/or
stormwater disposal by soakage. A robust design, sup-
ported by detailed geotechnical investigation specifically
targeted at identifying internal erosion potential is recom-
mended to better understand and manage the risks.
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Abstract

The 2010/2011 Canterbury earthquake sequence triggered
wide-spread rockfall, causing fatalities and damage to
property and infrastructure. In response, an area-wide
rockfall risk assessment was carried out to understand risk
and support the recovery process. The risk assessment
influenced zoning decisions, insurance pay-outs and
property values and has had a significant impact on the
disaster risk reduction process. Site-specific assessments
were subsequently carried out on individual residential
properties to confirm risk and inform rockfall risk
reduction design. The characterization of site-specific
rockfall source size, probability of detachment and
topographic controls on run-out ultimately controlled
rockfall protection structure design for residential prop-
erties in the Port Hills. Differences between the assessed
level of risk to life between the area-wide and site-specific
studies were in many cases two orders of magnitude
different, lower and higher. This paper demonstrates the
enhancement of the area-wide risk assessment with site
specific mapping and source characterization to design
rockfall protection structures that balance risk reduction,
cost, environmental impact, and visual impact. Under-
standing the advantages and limitations between
area-wide and site-specific rockfall assessments is integral
to the disaster response, recovery and rebuild process.

Keywords
Rockfall risk * Port Hills * Rockfall protection
structure * Canterbury earthquake sequence
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1 Introduction

The 2010/2011 Canterbury earthquake sequence triggered
wide-spread rockfall, causing fatalities and damage to
property and infrastructure. More than 6000 occurrences of
rockfall were recorded in the Port Hills suburbs of
Christchurch, New Zealand. Five people lost their lives,
approximately 65 homes were impacted and many more
evacuated as a result of falling rocks (Massey et al. 2011a;
2014). Due to the geology and geomorphology of the area
almost every cliff band outcropping in the Port Hills gen-
erated rockfalls.

To understand the immediate risk to residents in the Port
Hills from rockfall following the earthquakes, a number of
hazard mapping and area-wide risk assessments were com-
missioned. The findings of these assessments provided initial
risk zonation across the Port Hills that influenced planning
decisions, insurance pay-outs, property valuations and the
TeCOVery process.

Subsequent site-specific geotechnics assessments were
carried out on individual residential properties to inform
rockfall risk reduction design. Design of Rockfall Protection
Structure (RPS) followed Christchurch City Council
(CCC) Guidelines (CCC 2013).

This paper demonstrates the enhancement of the area-wide
risk assessment with site specific mapping and source char-
acterization to design rockfall protection structures that bal-
ance risk reduction, cost, environmental impact, and visual
impact. Three constructed RPS are presented where risk has
been reduced to acceptable levels.

2 Geologic Setting
The Port Hills represents the northern part of the Lyttleton
Volcanic Complex. The Lyttleton Volcanic complex is of

Miocene age (5-23 Ma) and is comprised of basaltic to
trachytic lava flows interbedded with breccia and tuff. The
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Fig. 1 The earthquakes of the
Canterbury Earthquake sequence
(after Cubrinovski 2010)
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interbedded lava flows occur in sub-horizontal layers that
commonly outcrop in a stepped profile. The volcanic rocks
are overlain by younger, Quaternary Aged deposits of loess,
a windblown silt deposit commonly greater than 3 m in
thickness (Forsyth et al. 2008). It is the volcanic trachyte and
basalt cliff lines that present the significant rockfall hazard
source.

The Christchurch suburbs of Avoca Valley, Bowenvale,
and Heathcote Valley are all located in valleys of the Port
Hills, and residential areas extend up the sides of these and
other valleys. Rock outcrops are commonly encountered
up-slope from residences and infrastructure in these areas.

The Canterbury earthquake sequence was a series of
shallow earthquakes that occurred within the vicinity of
Christchurch between late 2010 and late 2011 (Fig. 1). The
largest event in this sequence was a M7.1 earthquake on
September 4, 2010 in Darfield, 30 km away from the Port
Hills. A February 22, 2011 M6.2 aftershock earthquake
occurred on an unknown fault directly below the Port Hills
and resulted in widespread devastation and 181 fatalities
(Kaiser et al. 2012). Ground shaking associated with this
earthquake was severe, with recorded ground accelerations
of up to 2.2 g vertical, and 1.7 g horizontal in the Port Hills.
Damage as a result of this earthquake was related to lique-
faction, lateral spreading, building collapse and widespread
rockfall. The rockfall consisted of a large number of rocks
dislodged, falling or rolling down-slope causing fatalities
and damage to property and infrastructure. The June 13,
2011 M6.0 aftershock caused more rockfall, although many
of the Port Hill properties were vacant at this time awaiting

2460000 2480000 2500000 2520000 E

risk assessment before re-occupancy from the February
event. Prior to the 2010/11 earthquake sequence, the risk
from rockfall in the Port Hills was not fully appreciated.

3 Area-Wide Hazard Characterization
and Risk Assessments

Following the Canterbury Earthquake Sequence a number of
area-wide assessments were commissioned to map rockfall,
characterize hazard and understand the risk to residents in
the Port Hills. The findings of these assessments provided
initial risk zonation across the Port Hills that influenced
planning decisions, insurance pay-outs, property valuations
and the overall disaster risk response. The purpose of the
assessments was to make the planning processes simpler and
more effective for managing risk.

The Port Hills Geotechnical Group (PHGG) was estab-
lished as part of the response to the 2010/11 Christchurch
earthquakes. One of the many tasks undertaken by the
PHGG was mapping the location and size of fallen boulders
in the Port Hills. This information was and continues to be
extremely valuable, and forms a vital part of regional and
site-specific risk assessments.

A major study was completed by New Zealand Geolog-
ical and Nuclear Sciences (GNS), on behalf of Christchurch
City Council (CCC), and presented in a series of reports
(Massey et al. 2012a, b, c; Taig et al. 2012; Townsend and
Rosser 2012). The GNS study was a quantitative risk esti-
mation method that followed appropriate parts of the
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Australian Geotechnical Society framework for landslide
risk management (AGS 2007). It set out the principles of
assessment of rockfall risk, defined key reference parameters
for use in rockfall analyses, presented risk reference maps,
and recommended a tolerable risk level for the Port Hills.
The highly regarded study was a rigorous peer reviewed risk
assessment and provided a basis for all subsequent risk
assessments.

The risk assessment methodology considers both rock-
falls triggered by earthquakes (taking into account expected
changes in seismic activity in the Port Hills region over
time), and by other rockfall-triggering events such as rain-
fall. The recommended tolerable risk level was on the order
of 10™*, comparable to the annual individual risk of being
killed in a car accident in New Zealand (Taig et al. 2012).

A complementary study was completed by Geovert on
behalf of the Canterbury Earthquake Recovery Authority
(CERA) (Avery et al. 2012) using 3D rockfall analyses to
indicate areas in the Port Hills likely to be influenced by
rockfall run-out. The study did not directly present risk
levels, but did provide output showing rockfall run-out paths
and boulder bounce heights, kinetic energies and velocities.
The work was calibrated using boulder roll tests, and by
ground-verification site visits.

4 Site-Specific Geotechnical Assessment

CCC (2013) guidelines state that a site-specific geotechnical
assessment is required to form the basis of rockfall protec-
tion structure design. The site specific geotechnical assess-
ment provides critical input to the risk calculation through
characterization of site-specific rockfall source size, proba-
bility of detachment and topographic controls on run-out.
These inputs ultimately control RPS design in terms of type,
size, location, and magnitude of risk reduction.

4.1 Rockfall Source Characterization

In the area-wide assessments potential rockfall sources were
considered to be continuous cliff bands across entire valley
flanks of any slope steeper than 45° (Avery et al. 2012).
While these were readily derived from digital terrain models
through automated GIS processing, site-specific mapping
shows that these assumptions could not be validated through
ground truthing in many areas. For example, the area-wide
automated source identification regularly highlighted
retaining walls and man-made slopes as source zones.

The site-specific mapping, in many areas, also showed
that the upper slopes consisted of a series of discrete sources
with soil slopes in-between, rather than a continuous cliff
band of rockfall source as assumed in the area-wide
assessments (Fig. 2). The identification of discrete sources
impacted the risk calculation in two ways: the first was to
limit the extent of the source area and provide a credible
source for rockfall run-out analysis that allowed considera-
tion of topographic controls, the second was to consider the
volume of rockfall source to match the rockfall rate as
defined by the area-wide assessments.

4.2 Probability of Detachment

The area-wide assessments estimated a probability of
detachment (e.g. likelihood of a rockfall trigger) based on
the number of rockfall mapped in the valley by the PHGG.
The probability of detachment was calculated by the number
of observed boulders/valley length considering the input
earthquake ground motions and applied across the valley as
a constant.

In contrast, the site-specific geological mapping was able
to discern lithology and structural control, evidence of recent
voids from rockfall and match lithology of observed rockfall

Fig. 2 Discrete rockfall source outcrops mapped in area identified as continuous cliff bands by the area-wide assessment
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below the source areas to compare site-specific rates of
rockfall versus area-wide rates.

For example, in Avoca Valley a number of distinct
lithologies were found outcropping in the cliff bands. These
included blocky trachyte and basalt with flow, brecciated
and tabular forms. The blocky trachytic sources were char-
acterized with sub-horizontal and sub-vertical discontinuities
at approximately 1 m spacing, creating discrete blocks
within the cliff bands. The trachyte outcrops also showed
signs of recent block detachment and fresher, less weathered
surfaces (Fig. 3, left). In contrast, the basalt flows/breccias
showed less evidence of recent rockfall and had a thick
cover of lichen implying a reduced probability of detach-
ment (Fig. 3, right). Mapping the rockfall run-out identified
that the blocky trachyte sources were the most prevalent
sources of rockfall to reach the toe of the slope. If the basalt
with flow, brecciated and tabular forms was identified as
recent rockfall, it was generally broken into smaller rock
(<0.3 m maximum dimension).

4.3 Topographic Controls on Run-Out

The presence of gully or ridge features within a rockfall
run-out path can force or direct boulders towards, or away
from a property. On many of the slopes in the Port Hills,
prominent natural drainage gullies can be shown to clearly
control rockfall run-out as observed by concentrations
boulder run-out paths. This topographic forcing affects the
probability of transport that a rockfall will reach a property
and therefore risk.

A local topographical assessment was not completed as
part of the GNS study and not considered in the area-wide
risk assessment. The influence of topography was modelled
by Geovert through the use of 3D rockfall modelling (Avery
et al. 2012). This work gives an indication of the likely path
of boulders, but did not quantify effect or calculate risk.
Figure 4 presents the Geovert model overlain by observed
rockfall to demonstrate the topographic controls on a number
of properties in Avoca Valley. The blue lines highlight a
topographic control forcing rockfall away from the property
in red.

Site-specific assessments developed topographic forcing
factors for consideration in the risk calculation where map-
ping showed dispersing or concentrating rockfall relative to
a dwelling.

5 Rockfall Protection Structure Design

Following the earthquake, the Canterbury Earthquake
Recovery Authority (CERA) zoned residential properties as
unacceptable (red-zone) if the long-term annual individual
fatality rate at the dwelling was judged to exceed the
threshold risk level of 10~*. CCC placed un-inhabitable
notices (Section 124—s124) on properties if it was con-
cluded that persons at the dwellings would be at an imme-
diate risk of loss of life by remaining in their properties.
Properties that were red-zoned were given a purchase
offer from authorities, equivalent to the 2007 value of the
property. Property owners could retain their properties,
should the risk to loss of life be demonstrably reduced to

Fig. 3 Blocky trachyte (left) and basalt flow (right) rockfall sources
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Fig. 4 Rockfall transit modelling highlighting topographic controls
forcing potential rockfall away from a property in Avoca Valley (blue
box). Red highlights rockfall source zones. Background denotes

acceptable limits. Authorities offered residents funding to
construct an RPS to reduce the risk, in lieu of repurchase.
Reductions in risk could be achieved through design and
construction of an RPS following CCC Guidelines, options
for which included earthen berms, rockfall fences, rock
bolting, meshing, terracing of slopes and/or scaling of the
source zone.

When implementing rockfall mitigation the aim should be
to reduce the risk to as low as reasonably practicable
(ALARP), a limit which is most often determined in practice
by a balance between risk reduction and cost. The appro-
priateness of each RPS type is dependent upon site geome-
try, available space, construction costs, environmental
impact and each owner’s needs. The site-specific geotech-
nical assessment formed the basis for the detailed design of
the RPS.

Three examples of constructed RPS, driven by
site-specific geotechnical assessment are presented below.
The examples highlight the enhancement to the area-wide
risk assessments that led to a low cost, low maintenance, low
environmental and visual impact RPS balanced with risk
reduction to appropriate levels.

- 5 } ya
Legend

(*'  Fallen Boulders

modelled rockfall transits with darker colors representing increased
modelled rockfall transits. Orange and light green lines denote
modelled single rockfall transits

5.1 Avoca Valley

Immediately following the February 22, 2011 earthquake,
many residential properties in Avoca Valley were found to
have rockfall risk at unacceptable levels and zoned to have
an immediate risk of loss of life. The risk to the properties
was driven by the presence of cliff bands rockfall source
up-slope and observed rockfall run-out beyond the proper-
ties (Fig. 4).

A site-specific geotechnical assessment on an individual
property, showed that although the area-wide rockfall rate
was high for Avoca Valley, site-specific rates were lower
due to the varying source lithologies and topographic con-
trols on run-out. Rockfall modelling also showed the prop-
erty was far enough down the slope that boulders were close
to the end of their run-out paths. The site-specific risk was
shown to be two orders of magnitude less than the area-wide
risk assessment.

For this location, a terrace RPS was found to provide a
reasonably practical reduction of risk (Fig. 5). The terrace
included a small berm at its downslope end. Rockfall
modelling during the design process demonstrated the
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Fig. 5 Terrace and berm RPS on Avoca Valley Road. The image on the right is a Google Earth image of property and terrace upslope

effectiveness of the terrace (without the berm) in reducing
the risk to well below the acceptable threshold. The small
berm was added to provide practical additional protection.

The owner was informed that a larger berm would reduce
the risk at the house to an even lower level, but in balancing
the risk with their continued enjoyment of the property, they
elected to accept a higher (but still below the acceptable) risk
in return for a smaller berm. Other structures (e.g. a rockfall
fence or a primary berm) would have been feasible, but the
terrace increased the area of flat land, was visually less
obtrusive than a berm, and will require less maintenance
then the other options.

5.2 Bowenvale

A residential property in Bowenvale was initially assigned a
CERA Green-zoning, but this was subsequently revised to
Red-zone and deemed to have rockfall risk at unacceptable
levels with an immediate risk of loss of life.

The site-specific mapping showed a discrete number of
rockfall sources and some topographic control characterizing
the hazard above the property (Fig. 6). It was considered
technically and economically feasible to remove these dis-
crete source zones. Access to these properties was not dif-
ficult and the volume of material was not excessive. An
access track and remediation of the track were included in
the design.

The rock sources were subsequently removed by milling
(cutting) them back to an angle approaching the natural
grade (Fig. 7). This treatment rendered the outcrops to be
non-credible sources of rockfall, therefore reducing the risk
to the properties.

5.3 Heathcote Valley

Following the 2010/2011 Canterbury earthquake sequence, a
number of properties in Heathcote Valley were found to
have rockfall risk at unacceptable levels and zoned to have
an immediate risk of loss of life (Fig. 8).

A site-specific geotechnical assessment of a series of
adjacent properties was carried out to characterize the geo-
logical conditions, to identify rockfall source zones pre-
senting a hazard, and to undertake analyses to assess the risk
of fatalities caused by rockfall across the properties. Map-
ping showed cliff bands up to 6 m high occur within the
upper portion of the slope (Fig. 9), and further isolated rocky
outcrops are situated above the cliff on the grassy slope
extending towards the crest some 180 m in elevation.

Rockfall triggers to considered earthquakes and rainfall
events. The 2016 annual probability of an earthquake
occurring was used as the earthquake trigger. This proba-
bility considered the influence of aftershocks five years after
the 2011 earthquake. The annual risk of rockfall fatality at
the properties was calculated to be 107> and exceeded the
tolerable limit. The site-specific risk calculation was con-
sistent with the area-wide risk assessment.

Mitigation was undertaken to reduce the risk to accept-
able levels through a reinforced earthen berm RPS imme-
diately above the dwelling.

A design boulder with a 2 m maximum dimension and a
volume of ~4.2 m® was modeled. This boulder size was
derived from field mapping and consistent with GNS during
their modelling of rockfall in the Port Hills (Massey et al.
2011a). The results suggested that rockfall impact energies
of 2000 kJ would be encountered with a bounce height of
around 1.2 m at the berm location. Design of a reinforced



Site-Specific Rockfall Risk Assessments and Rockfall ... 149

LV,

i
i

g
\

Sl | P Y
b L/

/!

Source

Non-Credible Source

Past Rockfall

Fig. 6 Rockfall sources and topographic controls on run-out for a property in Bowenvale Valley. Red lines define the extent of rockfall catchment
for each source. Purples lines are modelled single rockfall transits from the identified sources

Fig. 7 Discrete rockfall source before (left) and after (right) removal of source
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Fig. 8 Rockfall transit modelling, source mapping and observations of fallen boulders. Red areas are rockfall source zones as defined by LiIDAR
analysis. The hatched areas define where rockfall sources are considered to have a non-credible likelihood of impacting the property at risk

Fig. 9 Photograph of rockfall source cliff bands in Heathcote Valley
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Fig. 10 Design cross-section and construction photograph of rockfall berm

earthen berm followed CCC guidelines and is under con-
struction at the time of this paper (Fig. 10).

6 Conclusions

Area-wide risk assessments are appropriate to define risk and
support planning and disaster risk reduction, but one must
understand their limitations and uncertainties. Two of the
major uncertainties in the area-wide risk assessments are the
proportion of boulders that will travel substantial distances
downslope; and the assumption that on a given suburban
hillside the numbers of passing boulders, and thus the risk of
being hit by one, is uniform along the slope and not con-
centrated at certain localities (Massey et al. 2012). Differ-
ences between the assessed level of risk to life between the
area-wide and site-specific studies have been found to be up
to two orders of magnitude, both lower and higher.
Site-specific geotechnical assessments reduce these uncer-
tainties through geologic mapping, characterization of
source areas, and assessment of local topographic controls
on rockfall run-out.

The characterization of site-specific rockfall source size,
probability of detachment and topographic controls on
run-out ultimately controlled rockfall protection structure
design for residential properties in the Port Hills. The
site-specific mapping enhances the area-wide risk assess-
ment to design rockfall protection structures that balance risk
reduction, cost, environmental impact, and visual impact.
Understanding the advantages and limitations between

area-wide and site-specific rockfall assessments is integral to
the disaster response, recovery and rebuild process.
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Emil Tsereteli, George Gaprindashvili, Merab Gaprindashvili,
Nana Bolashvili, and Merab Gongadze

Abstract

Georgia as a typical mountainous region is historically prone
to debris/mud flows and flash floods. Thirty percent of the
country’s territory, more than 70% of settlements, including
15 cities together with the capital (Tbilisi), motorways and
railways, international oil and gas pipelines, amelioration and
other facilities appear in the hazard area. These disaster events
have caused several hundred human deaths. The debris/mud
flows formed in the Caucasus highlands are characterized by
their heterogeneous nature and devastating characteristics.
However, the National Geological Service that at the same
time was coincided with a sharp deviation of the debris/mud
flow triggering, climatic and meteorological factors, including
its negative results, started purposeful studies of these
complicated disastrous events in second half of the 20th
century. Between 1995-2016 debris/mud flow caused loss of
94 human lives and the direct economic losses reached
approx. 350 miIn. USD. During this time period up to 3000
debris/mud flow susceptible channels were recorded, cata-
logued and were assessed according to the morphological and
climatic zones and to the engineering-geological formations
existing in their space, whereas inside them the following
were ranked: geomorphological and genetic characteristics of
geological sources which form debris/mud flow events
according to the origination of the debris/mud flows’ solid
components, to the lithology and geodynamic processes
which ensure their starting dynamic; According to the springs
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nourished by debris/mud flows’ water (rainfalls, intense
melting of the snow, glaciers and their burned tongues,
nourishing by glacier lakes, breakup of the temporally
blocked river beds by the glaciers, snow avalanches,
landslides and rock avalanches). Two types of specialized
1:500,000 scale maps were composed based on analyses of all
these factors: engineering geological conditions for
debris/mud flow formation; debris/mud flow hazard zoning
map composed per scale of damage, return period, intensity,
and risk by municipalities.

Keywords
Georgia ¢ Debrisflow ¢ Methodology * Hazard

1 Introduction

According to the United Nations experts who study natural
disasters, economic losses inflicted on planet’s population
from disasters and more than half of human victims come to
debris/mudflows, landslides and floods.

Throughout of human history humankind has been
struggled against to such ferocious disaster of nature. Nev-
ertheless, on the overall background of the nowadays sci-
entific and technology development, the risk of this
ferocious disaster is not reducing, scientific and technolog-
ical solutions are still needed to be improved. The clear
confirmation of the above mentioned is the Sendai Frame-
work for Disaster Risk Reduction 2015-2030 adopted at the
Third UN World Conference held in 2015 (Sendai Frame-
work 2015). Herewith, it is noteworthy that if floods caused
by climatic-meteorological factors are entirely associated
only with the anomalistic rainwater, the debris/mudflow
transformation belongs to the multifactorial geological
group’s events, the absolute majority of which are trans-
formed into the flashflood mode.
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2 Study Area

The Caucasus region, especially Georgia belongs to one of the
most vulnerable areas among the mountainous countries due to
number of debris/mudflow susceptible drains, heterogeneity of
the formation factors, development scales, recurrence of these
processes and catastrophic results. Here is revealed all genetic
type and kind of debris/mudflow known in geodynamics. Up to
30% of the countries territory, starting from foothill to the
highland-alpine-nival zone is located debris/mudflow trans-
formation area (Gaprindashvili et al. 2015). Accordingly, due to
the relevant landscape-geomorphological zonality and
multi-palette geological structure, composition, physical con-
dition, and characteristics, are transformed flows with sharply
different structural-rheological composition, volume, recur-
rence, and energy. For today, from 5000 debris/mudflow For-
mation Rivers registered in Caucasus, up to 3000 rivers, which
have direct impact on population and infrastructural facilities,
are cadastralized in Georgia. However, from 32,258 different
rivers (75,500 km of total length and 55 km? of average annual
runoff), 99% are small ones, the length of which is less than
25 km, potentially almost all are prone to debris/mudflow.
Also, it should be considered that up to 60% of the population
live in small river basins (Gigineishvili 2000; Khmaladze 2009;
Bondirev et al. 2007).

It is noteworthy, that in Georgia, studies of disastrous
geological processes were conducted episodically until the
first half of the 20th century. That is why only 208
debris/mudflow formation rivers had been identified by the
1960 year. Later the database was gradually completed
based on studies systematically conducted by LTD “Sag-
geologia”, nowadays there are up to 3000 debris/mudflow
formation Rivers, which occupy up to 30% of the country’s
territory.

Nowadays, 30% of the country’s territory appears at the
debris/mudflow hazard risk area, particularly mountainous
settlements, including 15 cities together with the capital—
Thilisi (Gaprindashvili et al. 2016). For today, formation
Rivers registered 533 debris/mudflow in the area of
wired-engineering objects of international importance
(Gobechia et al. 2008).

Even under the background conditions of debris/mudflow
creation, economic losses vary within 10-20 million dollars,
whereas in case of their activation in the extremely sensitive
geological environment, exceeds 100 million dollars. For
example, in 1977 the debris/mudflow occurred in one river
basin located on the territory of Telavi had damaged the city
infrastructure and the economic losses amounted 30 million
Dollars, whereas on 10—11 August of the same year, heavy
rainfall (up to 80 mm) in the upstream of the river
Tskenistskali basin caused extreme debris/mudflow, direct
damage amounted 100 million Dollars. In 1982-84 and
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1991-92 in the Black Sea coast of Adjara the economic
losses inflicted by debris/mudflows amounted 300 million
dollars (Gobechia et al. 2008).

In Georgia, in the past and even today significant damage
caused by debris/mudflow is often accompanied by human
loses. The proof of abovementioned are the catastrophic
results caused by multi-scale debris/mudflows occurred in
river Tergi basin (segment of Central Caucasus), and up to
210 human death recorded in the upstream of the River
Tskhenistskali and river Rioni basins (same segment) since
the 1921 year. Over the last 100 years, about 200 people
have died in the river Duruji basin (The southern slope of the
eastern Caucasus) which is characterized with extremely high
activation of debris/mudflow events. The basin represents
risk to the population of Kvareli city. In the 1946 year,
devastating debris/mudflow event was occurred in river
Zhoekvara basin (southern part of the western Caucasus),
inundated important coastal part of Gagra, and killed 15
people. The population of Tbilisi and infrastructural facilities
were affected dramatically by debris/mudflows occurred from
surrounded low mountain rivers and ravines. According to
incomplete data, debris/mudflows occurred during last hun-
dred years have killed about 130 people. In Thbilisi, such
tragic results were recorded in 1885, 1902, 1922, 1940, 1955,
1972, 1980, 2011 and 2015 years. In 2011-2015 years due to
debris/mudflows activated in the city were killed 32 people.

Geo-monitoring studies proved that since last decades of
XX century increased activation of debris/mudflow pro-
cesses is obvious. In extremely sensitive geological envi-
ronment, this is conditioned by

1. Increased number of debris/mudflow triggering meteo-
rological events on the overall background of climate
change;

2. Intensification of earthquakes and significant increase in
sloping gravitational processes;

3. Wrongful acts of population, such as cutting forests in
the mountainous zone and overgrazing of alpine and
subalpine zone meadows; Increase number of
erosion-gravitational process by geometrical progression.
The clear confirmation of this are statistical characteris-
tics of debris/mudflows recorded during geo-monitoring
studies conducted on the territory of Georgia in 1995—
2016 years (Table 1).

3 Methodology

Debris/mudflows occurred in Caucasus attracted European
researchers’ interest still in the 19th century, mainly they
were conducted episodically observations on the occasional
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Table 1 Recorded Year Debrisflow = Economic loss Human  Year | Debrisflow @ Economic loss Human
debrisflow/mudflow hazards in event (approximately) loss event (approximately) loss
Georgia (1995-2016) miln. USD miln. USD

1995 250 41.74 12 2006 = 63 391 -

1996 | 165 11.74 5 2007 104 5.00 1

1997 | 335 19.13 7 2008 126 6.52 8

1998 173 8.70 6 2009 193 7.17 3

1999 = 27 1.96 - 2010 81 2.17 2

2000 @ 23 1.30 - 2011 37 391 8

2001 = 26 11.30 - 2012 = 88 21.74 5

2002 @ 23 10.00 2 2013 93 Unkn. -

2003 = 28 1.74 - 2014 141 65.22 10

2004 258 12.17 2015 167 108.70 19

2005 155 391 4 2016 208 Unkn. -

blockade of the only connecting road to Europe in the high
mountainous alpine-nival zone of the central Caucasus, by
debris/mudflows, as it is evidenced in the bibliography
(Gaprindashvili and Gaprindashvili 2014; Vlasov 1969).
Despite the enormous negative impact on population and
economy of the country, caused by debris/mudfiows, in
studies of these complicated phenomena were mainly
involved hydrologists, almost until the second half of the
20th century.

Heterogeneity of multi-type debris/mudflow events on the
territory of Georgia is due to multifactorial natural condi-
tions, including them are the following:

(1) Geologically construction rocks of the debris/mudflow
origination sites and their stimulating solid products
with  densely  different  sensitivity to  the
denudation-erosion processes and their receptor fea-
tures; As it is known, regarding the classification, in the
first two order rivers, debris materials are not formed in
the high susceptible denudation-erosive areas, because
of small areas. In case of Georgia, in this regard the
exception is so called foothills and low and medium
mountain zones, where territory are built by molasses
materials, which are sensitive to the erosion—denuda-
tion processes and occupies a total area of 6.5% of the
country.

(2) In morphological feature, which is expressed in their
morphology-morphometric and mechanism of forma-
tion of debris/mudflow formation geological product in
energetic potential of the slope processes. In sloping
gravitational processes it’s considered all type of geo-
logical processes (rock avalanche, rockfall, landslide),
which are directly participating to provide geological
product for debrisflow source areas.

(3) Also, necessary determination factor for debris/
mudflow formation is existence of sufficient water in

debrisflow formation origination sites; on the one hand,
existence of slope-gravitational and river originated
coarse-crashed and clay-sandy material transformative,
and on the other hand, high sensitive to erosion-
denudation processes, existed in the geological tract.
Continental-molasses, glacial and high terraces con-
structive sediments, which, without preliminary prepa-
ration, stipulates the quality of fall and wash down
intensity by erosion gravitational processes, also,
increase of their “moisture effect” to the displacement
critical level and creation-activation of the landslide
events.

Prof. Flaishman figurative expression says (Fleishman
1978) “No water no debris/mudflow”, but in morphological
and landscape-climatic conditions of different regions, water
as a source of debris/mudflow formation is presented with
different features.

Based on statistical information analyses and monitoring
studies it is identified that among debris/mudflows occurred,
the dominant (65-80%) are debris/mudflows which are
provoked by prolonged and heavy rains, whereas,
debris/mudflows caused by spring extensive snow melting—
10% and by landslide processes about 10-30%.

Unfortunately, despite of the fact that debris/mudflows
triggered by heavy rain are dominant in Caucasus there were
no appropriate analysis until the 70s of the previous century,
to determine what amount of precipitation is required to
bring geological product, characterized by debris/mudflow
formative convergetive features, into cinematic condition
and transform this process into extreme dynamic mode.

By processing historical-statistical information, comply-
ing regional geo-monitoring studies conducted over the
years and analyzing and generalizing these two types of
information, in relation with qualitative nature of the geo-
logical product, existed in debris/mudflow origination sites,
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to define debris/mudflow triggering daily precipitation val-
ues for the debris/mudflow creation period (IV-XI months)
by using correlative connection of standard method and
considering in which morphological-climatic zones are
presented.

4 Results and Discussion

In Georgia, It has been identified that the lower bound of the
debris/mudflows triggered by heavy rains (30-50 mm in
24 h), starts in origination sites with high geological “sen-
sitivity”’, whereas, if the geologic conditions are not creating
a favorable environment, flashfloods with ordinary nature
are occurred. The debris/mudflows formed in such diapason
are mostly characteristic for foothills and lowland territories,
which are constructed with tertiary molasses extremely
sensitive to erosive-denudational processes and intensely
depleted flysch sediments. Their recurrence coefficient
(K) averagely varies between 1.90 and 2.64 per year and
causes significant damage to the population of the capital
and its infrastructure.

In case of daily 50-80 mm rainfall, extreme debris/
mudflows are formed in the geologically “sensitive” moun-
tainous river basins, whereas in case of daily 80—100 mm and
more rainfall, the catastrophic debris/mudflows are occurred
in all debrisflow formation river basins.

According to the incomplete data, during last two century
over 800 extreme debris/mudflow had been described with
catastrophic results and significant number of victims. It
should also be taken into consideration that if until the 70s of
the XX century, disastrous debris/mudflow forming rainfalls
(80-100 mm) were recorded for Greater Caucasus mountain
range, once in 20 years and for Lesser Caucasus once in
40 years, In recent times, significantly increased frequency
of rainfalls is noticeable. For example, in the eastern part of
the Caucasus, the maximum of these types of rainfalls were
recorded three times in 1983 year (87.9; 90.1 and
131.0 mm), once in 1986 and 1988 (156.3 and 156.0 mm).
They all had caused catastrophic debris/mudflows on the
territory of Great Caucasus.

If we rely on the debris/mudflow forming climate change
trend, which was developed by the Caucasus Environmen-
tal NGO Network (CENN) for 2020-2050 years, an increased
24-h rainfall is noticed in parameters processed by us.

Analysis of the time and space distribution of the
debris/mudflow forming rainfalls conducted on the territory
of Georgia demonstrated the fact that their quantitative
indicator and frequency in different climatic-morphological
zones often do not match each other, moreover, often the
Pluviometer size gradients are different not only for various
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regions but for the different slopes of the same range. All this
must be conditioned by the local orographic conditions of
relief. However, there are several cases when the
debris/mudflow forming intensive rainfalls simultaneously
covered large spaces sharply different from each other with
climatic orographic and exposure features. For example,
intense heavy rains (3—6 mm/min), provoked disastrous
debris/mudflows in the large areas of the Caucasus Range’s
both sides in August 24, 1944 and August 17, 1917, which
was followed by devastating results (Bondirev et al. 2007).

As noted above, in the complex mechanism of debris/
mudflows, the first place takes geological-morphological
factor, as the determinant: the types of exo-geodynamic
processes  providing the geological product of
debris/mudflow forming origination sites; their genesis and
fractional composition; Structural geological nature, vol-
umes and recurrence criteria of debris/mudflows.

Among debris/mudflow forming exo-dynamic processes
the dominants are: physical depletion and gravitational
phenomena (bulkstone, rock avalanches), wash out of water
accumulative and slope decks, erosion of masses constructed
with high “sensitive” molasses sediments, gulling, landslide
processes, snow avalanches, cryogenic phenomena.

While discussing, we consider three aspects of
Debris/mudflow forming landslide events:

e As a forming factor of the debris/mudflows’ geological
product;

e As substantive process for debris/mudflows creation;

e As generator of debris/mudflows which are caused by
burst of the landslide blockages.

Thus, the spatial development of exo-dynamic processes in
the formation of debris/mudflow forming geological product
is mostly obeyed by geological-stratigraphic structure of the
territory and morpho-climatic vertical zonality, which chan-
ges naturally started from the lowland foothills to the high
mountainous Alpine-Nival zone. However, often in relation to
the debris/mudflow creation process, genesis of rocks, litho-
logical composition and features have primary importance in
formation of debris/mudflow forming geological product and
their dependence on climate environment is due to differences
between debris/mudflows occurred on the territory of Georgia,
such as composition, structural-rheological features, trans-
formed flows and recurrence. Below are the evaluation of
some main distinctive features.

Therefore, it is necessary to have the rankings (grouping)
in respect of their sustainability criteria for the type of
geological formations and rocks placed in the corresponding
morphological-climatic zones It was developed criteria for
the sustainability of rocks (“geological massifs”) in the
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following indicators: Very high sustainable, High sustain-
able, Medium sustainability; Low sustainability; Very low
sustainable.

Below is a classification of the criteria for ensuring the
geological product of the mudflow forming nets and the
model offers a high level of molar formation in the low and
medium morphological zone space mosaic formation in
relation to the quality of mudflows. In total, the territory of
Georgia is divided into 13 units (Table 2).

Due to complicated natural conditions of Georgia, lack of
useful land fund and density of the population, not only
large-scale debris/mudflows represents risk to the county,
but also their medium and small formations. In this regard,
special attention should be paid to the Alazani—lori water-
shed anticline ridge constructed with low and medium
mountainous Pliocene sediments of eastern Georgia.

Debris/mudflows formed in this geomorphological zone
varies from several thousand cubic meters (so-called
“Khrami Jetsam”)—to 150-300 thousand cubic meters, in
rare cases, it exceeds one million. A good example of this is
2005 year, when rainfall (150 mm) caused formation of
debris/mudflows almost in every tributary of the Aragvi
Basin, particularly the volume of flow passed in the river
Dushetistskali amounted 1.5 million and silted up the
important part of the Dusheti city, first floors of the more
than two dozen houses, killed one person and damaged
infrastructure. At the same period, river Fotikhevi (tributary
of the river Aragvi) brought out mudstone masses (300
thousand cubic meters). Debris/mudflow stream height
amounted 2.0-2.5 m, as a result, significant territory of the
village and motorway of the central Trans Caucasus moun-
tainous range were flooded (Tsereteli et al. 2014, 2015).

Despite of the fact that in most cases vary between 10,000
and 100,000 cubic meters, because they cause enormous
damage to the territory and population, most of them are
settled on the cones of detritus (among them are cities like
Telavi, Sagarejo, Gurjaani) created by debris/mudflows. This
zone is ranked as a high-risk category (Ks-0.8-1.0).

Generally, the hilly-knolly and lowland zones of the
foothills, constructed by myo-pliocene molasses represent
youngest structures formed in the post-inverted phase and
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are distinguished with particular “sensitiveness” to
debris/mudflow processes. During rainstorms, as soon as
recorded rainfall reaches 40-50 mm, a positive range of
erosion-gravitational processes are created in almost all
debris/mudflow formation geological massif and repeated
several times during the warm period of the year. For
example, according to the Dusheti meteorological station
data debris/mudflow transformation at the background level
were recorded 4 times in 1924, 1981, 1982 years, 5 times in
1956, 1961, 1975, 1988 years, and 6 times in 1989 year. In
total, 125 debris/mudflow passages were recorded (1936-
2016 years) in drainage system which passes through
molasses strata (forming precipitation range 40-50 mm,
average  recurrence  coefficient  per  year—2.6);
debris/mudflows with medium capacity formed in case of
50-80 m daily precipitation K-1-87, whereas, in case of
extreme debris/mudflows (80-100 mm and more)—K-0.26.

Due to extremely complicated geological environment,
the capital—Tbilisi occupies special place in terms of
debris/mudflow events recurrence frequency and hazard risk,
among the lowland area of Georgia. The morphology of the
capital is represented in the form of two great folded
mountainous systems (Greater and Lesser Caucasus) and the
cavity located among the plate of Georgia. It is surrounded
by latitude oriented low ranges, constructed with upper
Eocene Flysch sediments, extremely “sensitive” to geologi-
cal processes and Neogene clay-sandstone (Maikop) suites.
This is conditioned by sharp asymmetry of erosive gorges,
complicated tectonic faults’ thrusts in the monoclinic struc-
tures of layers built with produced micro-virgate folds, and
deep hypegenesis process, where, in conditions of soft relief
the depleted crust capacity amounts 15-20 m, whereas in the
tectonic disturbance zone increases up to 30 m.

Annual average quantity of depletion product in
non-softening marl shale located on gravitational slopes, is
0.33-0.39 kg/m?, for softening rocks—1.6 kg/m* and 4-5 and
8-11 kg/m? for clay marls. Thus, geological-morphological
conditions and climatic-meteorological environment of Tbilisi
create all conditions for intense activation of debris/mudflows.
There are 50 dry ravines and 12 rivers on the territory of the city,
where in case of appropriate debris/mudflow formative heavy

Table 2 Classification of criteria ensuring the geological product of debris/mudflow forming source

1 2 3

Morphological-climatic | Typography of geological Geological

zone formations and rocks to formations and
sustainability of lithological
denudation-gravitational and composition of
erosive processes rocks

4 5 6 7 8

Criteria for qualitative and quantitative characteristics of rock resistance in
geological formations

Rock solidity Mpa Average annual Dominant
In natural  In a watery  Softening index of weathers | exogenic .
i . - mass of processes in the
conditions = environment | coefficient S
gravitational mudflow
downgrade formation

sources
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Fig. 1 Debrisflow disaster in
Dariali (Kazbegi, Georgia)

rains, occur low solidity water flows in the beginning of the
drainages with impact from erosive-gravitational processes in
the depletion zone. In most cases, low solidity water flows are
formed, which are often transformed into flash floods enriched
with solid debris. However, there are occasions when landslides
also take part in debris/mudflow forming geological product. In
such cases, the structural-geological nature of debris/mudflows
changes significantly and is transformed into high-solidity
stone-muddy or semi-muddy dynamic mode. At the same time,
the volume of debris/mudflow streams increases sharply. The
classical example of this is debris/mudflows formed on the

Fig. 2 Debrisflow disaster in riv.
Vere Basin (Tbilisi)

northern slope of the Lesser Caucasus (Trialeti anticline), which
are created in syncretic synergism of landslide-erosion pro-
cesses triggering multifactorial agents. In the monoclinic
structure of the north side is formed the river Vere basin (with
asymmetric morphology), the area of which amounts 196 km?,
and the depth of the erosion cut in aréte zone is 350—400 m
(Figs. 1 and 2).

Recently, there is a significant shift in geological disorder
in scientific literature, including the threats and hazards of
mudflow/debrisflow. Nevertheless there are still significant
differences in procedural methodology for the development
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of regional maps. We believe that this is caused by a dif-
ferent interpretation of the causal linkage of the information
derived from the results of the impact of the effects of their
enhanced geological phenomena.

We consider that in assessing the risks of the geological
disaster and especially mudflows, general strategy should
determine risk criteria for assessing and analyzing the
obtained information as statistical and statical data.

Assessment of the threats of mudflows, determination of
hazardous risks and special mapping related to it is espe-
cially difficult for the conditions of the Georgian territory
because we are dealing with the extremely complicated
relief, lithology, climate et al.

5 Conclusion

Several tens of years of regional character and modal
research were needed to obtain relevant information on all of
the above-mentioned issues, which were analyzed and dis-
seminated through specialized maps of the country for spe-
cialized areas of 1:500,000 scale.

1. Map of Engineering-Geological Conditions of Evalua-
tion of Basic Factors of Debrislow/Mudflow Develop-
ment Processes in Georgia 1:500,000 scale.

First of all, the largest area is zoned according to geo-
logical formations, where 14 units are separated.

The geomorphological-hypsometric zoning and the geo-
morphological types of relief prevail in the second large unit are
developed on the relevant stratigraphic-lithological substrate.
The geomorphological zone is defined as: mountain-hilly zone;
Lowland, Low-medium; Medium-highland; High mountain-
alpine; High mountain-nival.

For the corresponding morphological zones it is identified
by the leading exogenic processes, which are determined by
the geological product of Debrisflow forming sources;
Lithological composition of geological product; Types of
providing water mudflows are established; The dominant
genetic types of mudflow; Granulometry of sediments;
Volumes of single mudflows (m®) (maximal, minimum and
average) have been established; Return periods and intervals
of mudflow events have been established; Geographical
location of all estimated objects.

2. Debris/mudflow hazard zoning map composed per scale
of damage, return period, intensity, and risk by
municipalities.

Based on the generalization and analyzes of the results
obtained from the above-mentioned map and the
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geomonitoring research of the perennial regional nature and
the analyzes of historic-statistical materials, a map of mud-
flows was developed, where the following indicators are
used:

— Proportion of sum of mudflow rivers to the rivers
included in this basin and where mudflow processes
never was recorded (ksz nl/n2);

— Proportion of debrisflow sources area to the river basin
total area (ks z fm,/F,);

— Transformation frequency of debrisfow events in a time
unit (ks-st);

— Maximum volume of single flows of mudflows trans-
formed in the relevant geological environment (Ks z m’
thousand);

— objects that are in the immediate danger area of mud-
flows, whose area is placed in all residents (Kz objecta).

With the total coefficients of the listed indicators 0—1, the
territory of Georgia is zoned by damaged by mudflow pro-
cesses, intensity, activity, activation and hazard risk for
population and agricultural infrastructure.

1. Strong high-risk area, risk-ratio Kn-0.8-0.9; 2. High
risk area: Kr-0.6-0.8; 3. Significant danger of mudflows:
Kr-0.5-0.6; 4. Moderate Hazard Area: Kr-0.3-0.5; 5. Limited
hazard area Kr-0.1-0.3; 6. Low hazard risk area:
Kr-0.01-0.1; 7. Very low hazard risk area: Kr->0.001; 8. Not
dangerous hazard risk area Kr-0.0.
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Abstract

The Sendai Framework for Action identified land use
planning and legislation as a priority action for disaster
risk reduction (DRR). Socioeconomic losses associated
with natural hazards are increasing, particularly from
inappropriate land use. The mechanisms of hazard
mapping and structural/non-structural measures to reduce
the exposure and vulnerability of elements at risk are
outlined in this paper. Concepts and requirements for
natural hazard assessments need to be documented and
applied to ensure their success. These measures need to
be applied at a local level to ensure a more efficient level
of risk reduction. Due to financial constraints, councils do
not always undertake appropriate hazard mapping; how-
ever, they can partner with institutions such as universi-
ties to develop hazard and/or risk maps to reduce the
costs. Local level decision making is constrained by
political and economic pressures, resulting in some
natural hazard prone areas being developed. Tools such
as explicit civil or administrative responsibilities for risk
reduction should be promoted to avoid arbitrary decisions
in those areas. Examples showing how DRR can be
improved are presented in this paper.
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1 Introduction

The international research and academic community is raising
awareness about how natural hazards are increasing socioe-
conomic losses related to inappropriate land use, in both
developing and developed countries (Scolobig et al. 2012).
Disaster Risk Reduction (DRR) through land use planning
was identified as a priority action by Sendai Framework for
Action. Despite this, most public administrations involved in
natural hazards management (i.e. Ministries of Environment,
Housing, Civil Works or Civil Defence), are using reactive
actions instead of proactive ones. Civil Defence is the clearest
example of this (for example Spain, see Garrido 2014). Civil
Defence’s main objectives are reduction, readiness, response
and recovery; the first two are pre-event actions whereas the
latter are post-event actions. However, Civil Defence (or
emergency management) efforts are focused mainly on
response and recovery, in the short (rehabilitation) or long
term (reconstruction) (Fig. 1).

Reduction actions should be in place before a natural
hazard occurrence, however they are often implemented
after the hazard event has occurred. This is because cor-
rective countermeasures are preferred to preventive ones,
despite the fact that corrective measures can take longer to
implement. Legislation to reduce risk needs to be in place
before a hazard event occurs, however, at present it is
amended after a natural disaster has happened. DRR is dif-
ficult to improve using post-disaster measures.

Land use planning legislation provides the best opportu-
nity to manage natural hazards, along with consistent leg-
islation for other risk reduction methods (e.g. building
codes). Legal frameworks for natural hazards are usually
related to environmental legislation such as in New Zealand
(i.e. Resource Management Act) or Spain (e.g. Environ-
mental Assessment Act), but references to them are found
scattered in sectoral laws such as Coastal Act (Spain) or
Building Act (New Zealand), and in regulations such as
Technical Building Code or Seismic Building Code.
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Fig. 1 Relationships between risk factors, risk assessment and risk management (modified from Garrido 2014)

Relationships between different laws, involving different
administrations, become a huge challenge in DRR (e.g.
Saunders et al. 2007).

Urban planning is the perfect tool for risk reduction,
because of the scale required and its ability to assess the
exposure of elements at risk. Planning cannot be understood
or implemented without legislation, so policies and rules
included in District Plans become crucial. If there is
mandatory legislation, then liability can be assigned, and the
precautionary approach may apply.

2 Risk and Land Use Planning

Risk can be defined as the likelihood and consequence of a
hazard. ‘Consequences’ refers to an impact on the natural,
economic, built or social environments as a result of a hazard
event occurring. The consequences are influenced by the
vulnerability of elements at risk, by the exposure of elements
at risk to the hazard, and by the characteristics of the hazard.

Risk also considers the likelihood of the hazard occurring,
which depends on the type of hazard (Auckland Council
2014). Figure 2 shows the components of risk which are
outlined in the following discussion.

Risk management and risk assessment belong to two
complementary but opposite worlds, law (which must be
certain) and policy versus science (which is inherently

CONSEQUENCES

Vulnerability

Naturalevent

Humanlife &
property

=)

Likelihood

RISK

Fig. 2 Components of risk (Auckland Council 2014, p. 5)
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uncertain). DRR needs to balance these often competing
worlds, and legislation provides the method to establish risk
assessment procedures and policies to prioritise proactive
measures.

Mapping allows for the identification and location of
hazard-prone areas, where built-up areas at risk can be
identified, and options for reducing their risk can be
addressed. Mitigating risk in already developed urban land
by using structural measures is often considered the pre-
ferred approach, but changing land use, limiting further
development or activities, and/or undertaking managed
retreat are more effective tools to reduce risk. All of these
options can be identified within District Plans.

While structural measures are usually used to reduce
hazard or vulnerability, education is a preferred tool to
reduce vulnerability or exposure, while land use planning
and legislation can prevent exposure and reduce vulnera-
bility and hazard (Fig. 1). The most economic and efficient
tool to reduce risk in developing areas is land use planning
through legislation and urban/spatial planning tools. Expo-
sure of planned elements at risk can be assessed, if the
hazard has been previously identified and mapped. Examples
of elements at risk are provided in Table 1.

While meteorological and hydrological forecasts (i.e.
short term), are useful for early warnings and/or evacuation,
prediction (i.e. long term) allows risk reduction through
prevention and mitigation (Fig. 1). A combination of pre-
ventive structural and non-structural measures increases the
success rate in DRR. Coordinating risk assessments through
hazard and risk maps and risk management practices would
improve if legislation established compulsory natural haz-
ards mapping for zoning.

Susceptibility maps (which show where a hazard may
occur) and hazard maps (which include the likelihood of an
event occurring) are necessary for establishing land use in
developing areas. In already developed areas, elements at
risk cannot reduce their exposure to the hazard, but vulner-
ability (through retrofitting measures), and hazard (through
countermeasures) can be addressed. Risk maps will allow
planning for structural measures and will be useful for civil
protection emergency plans. A risk-based approach has been
proposed for new developments in New Zealand (Saunders
et al. 2013) and Canada (Struik et al. 2015). Cost of risk

Table 1 Examples of elements

Environment Elements at risk
at risk from different -
environments (Auckland Council ~ Built
2014, p. 16)

Social
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maps vs cost of hazard maps is the main constraint for
developing risk maps.

However, use of maps already delineated will reduce the
mapping cost. Investments in funding natural hazard
research to Universities and research centres worldwide are
continuing. In the case of New Zealand, the Natural Hazards
Research Platform (consisting of GNS Science, NIWA,
Auckland, Canterbury and Massey Universities, and Opus
plus representatives for a range of central agencies and local
government) has invested NZ$8,710,000 out of a total
research budget of NZ$21,560M for geological hazard
models. GNS Science has received NZ$4,437 million
directly for their core services, NZ$1,142 million came from
negotiated contracts (GNS Science, Massey and Lincoln
Universities) and around NZ$3,100 million of investment
falls into projects run by GNS, NIWA and Geomarine Ltd
through a contestable funding process (Local Government
New Zealand 2014). However, to maintain academic impact
and credentials, the main project outputs are often confer-
ence presentations and papers, and papers published in sci-
entific journals. Unless Council staff have easy access to
journals, and have the knowledge and skills to interpret
academic papers, they are not in a position to easily use the
valuable and accurate peer reviewed information. A legis-
lated portal where funded outputs can be uploaded by the
researchers (with acknowledgement of IP) will give better
access to the findings and allow for more efficient usability
by Council staff. Use of GIS formats will help to update the
District Plans natural hazard maps. If legislation states that
natural hazards maps/assessments must be updated at spec-
ified intervals, and in high/medium risk areas a plan change
is mandatory, then planning can take into account the
changing state of knowledge.

Civil Defence readiness requires a range of tools such as
response plans, early warnings and evacuation planning. The
use of risk maps is necessary to design reliable emergency
plans and evacuation routes. Maps are useful for Civil
Defence as a preparedness tool as well as a proactive action.
Whilst improving in New Zealand, there are still opportu-
nities to improve the coordination between District Councils
and Civil Defence in Spain. One of these opportunities
would be promoting reduction actions such as sharing
mapping costs, which would be beneficial to both agencies.

Commercial, residential and industrial buildings; infrastructures; urban fabric; and
community facilities (schools, hospitals, churches, etc.)

Casualties (injuries or deaths of people), community assets and networks, relationships

and support systems

Economy

Businesses, jobs, trade and services
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3 Legislation

Enforcing legislation is a huge challenge for some States and
Regional Councils, particularly those in Spain, Italy and
Central America (Garrido 2014). Councils sometimes use
legal loopholes to interpret the law and make arbitrary deci-
sions. Legislation must be written as clear and complete as
possible and include mechanisms that encourage compliance.

Flooding and seismic hazard legislation in the European
Union has recently been updated. For example, the Directive
2007/60/EC on the assessment and management of flood
risks requires Member States to undertake hazard and risk
mapping which will be used in land use planning. Some
considerations for reducing risk in seismic hazard exposed
countries have been included in Building Acts through
Technical Building Codes or Seismic Building Codes.
Seismic hazard maps, invoked by Seismic Building Codes,
are usually updated after a destructive earthquake (e.g. Spain
after the 2011 Lorca harmful earthquake).

In contrast, legislation about volcanic hazard and land-
slides is not well developed. Landslides are not often per-
ceived as a ‘big’ hazard because, despite their frequency
(comparatively), there are often not large-scale casualties
associated with them (e.g. compared to earthquakes). Usu-
ally Building Acts, through Technical Building Codes,
consider that landslides should be considered in the
Geotechnical assessment, but no more specific references are
found in the legislation.

On the one hand, undefined legal concepts should be
avoided in the legislation in order to reduce Council’s
interpretation and discretionary powers. Moreover, terms
such as ‘significant risk’ or’ appropriate scale’ should have
clear frameworks to determine what ‘significant’ and ‘ap-
propriate’ is. While the Spanish Land Act establishes that
risk-prone areas (probably alluding to hazard), should be
classified as ‘greenfields’, no risk levels are established, so
zoning in every Council will be different. In Europe, the
aforementioned Directive 2007/60/EC establishes different
scenarios for flood hazard mapping: low probability, med-
ium probability (likely return period > 100 years) and high
probability. While low and high probability are not defined,
medium is. Therefore, each Member State can establish
whatever return periods that it considers appropriate for low
and high probability.

Using return periods, safety factors or Annual Excee-
dance Probabilities (AEP) for every specific natural hazard
would help to establish different hazard/risk levels. In Ice-
land for example, Regulation 505/2000 on hazard zoning
due to snow and landslides, classification and utilisation of
hazard zones, and preparation of provisional hazard zoning,
uses a hazard line to distinguish acceptable local risk and
different hazard zones: A (local risk between 0.3 X 10~* and

J. Garrido and W. S. A. Saunders

1 x 107, B (local risk between 1 x 107* and 3 x 107%)
and C (local risk between greater than 3 x 10~%). The dif-
ferent hazard zones can be utilized as shown in Table 2.

The unacceptable areas should be zoned as restricted for
development or non-development. Force majeure could be
claimed above an unacceptable threshold, while below that
threshold responsibility could be established.

A glossary of technical terms included in the legislation is
also crucial. Spanish Regional Land Acts include floods,
landslides, geological hazards or hydrological hazards in the
glossary, but it is not clear if subsidence, sinkholes or settle-
ments should be considered landslides, or which kind of nat-
ural hazards are considered in geological and hydrological
hazards. Planners have to make an informed guess if they refer
to earthquake related hazards and droughts, respectively.

Invoking technical guidelines or standards through leg-
islation makes them legally binding. For example, in New
Zealand every District plan uses different methodologies for
mapping—methodologies are generally not included in the
plans, and are difficult to source. Standardization would
benefit mapping processes and provide efficiencies for
Councils.

Usually Spanish national or regional legislation on nat-
ural hazards and land use is quite general (e.g. not hazard
specific), but there are some linkages being established
between them in new legislation (for example, the transpo-
sition of the Directive 2007/60/EC into the Spanish law).
Councils are using resource consents with and policies and
rules to diminish the risk for subdivisions and developments
in natural hazard prone areas. The balance between Council”
s economic and political interests and development is com-
plex, so sometimes Councils transfer risk to land users in
high hazard areas instead of avoiding new developments
(e.g. allowing development with mitigation measures).

One example of assessment requirements is found in
Colombian legislation, where the Decree 1077 of 2015,
Regulation Unique Decree of Housing, City and territory
(Decreto Unico Reglamentario del Sector Vivienda, Ciudad
y Territorio) establishes the technical conditions for the
assessment of basic reports for landslides, floods and flash
floods. Landslide hazard assessments include: inputs (to-
pography, geology), scope (conditioning and triggering
factors, type of analysis for urban and rural areas), zoning
(high hazard, where all active processes will be included,
medium and low hazard), and outcomes (zoning maps for
different types of landslides, consequences). Methodologies
are explained in a technical report that is easily accessible.
A detailed hazard report should be carried out in high and
medium hazard areas, while a detailed risk report should be
performed in high hazards areas. Detailed studies should
include a detailed hazard analysis, vulnerability and risk
assessment and mitigation measures proposed.
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Table 2 Utilization of different snow and landslides hazard zones in Iceland according to Regulation 505/2000

Hazard zone A

Hazard zone B Hazard zone C

New residential and comercial buildings

Allowed

New cottages for overnight stays in sking areas

Allowed

New comercial buildings

Allowed

New cottages not intended for overnight stays in
sking areas

Allowed

New individuals and multifamilly dwellings with
up to four apartments

Allowed

New schools, day-care centres, hospitals,
commmunity centres, multifamilly dwellings
with more than four apartments

Reinforced

Additions to schools, day-care centres, hospitals,
commmunity centres, multifamilly dwellings
with more than four apartments

Reinforced

New structure not expected as a residence of
place of employment as a regular basis

Allowed

Residential and comercial builiding modification
if total risk does not increase

Allowed

Safety of people in buildings

Monitoring and evacuation

Permanent protective
measures or purchasing

No restrictions if permanent protective measures

One option to enforce legislation is through personal
liability. Some politicians are making planning decisions
without considering a precautionary approach. Once liability
has been set out according to unacceptable thresholds,
establishment of responsibilities becomes easier so any
resulting punishment will encourage legal compliance. In
Japan, Landslide Prevention Act (1958), the Act for the
prevention of disasters caused by steep slope failure (1969)
and the Act on sediment disaster countermeasures for sedi-
ment disaster prone areas (2005, amended on 2011) include
penal provisions (of up to one year) and fines (of up to
500,000 yens). In Iceland, Act 49/1997 on Protective Mea-
sures Against Avalanches and Landslides establishes that
investigations of suspected criminal action related with
personal injuries in settled areas could be carried out in
accordance with the Criminal Proceedings Act.

4 Conclusions

Legislation and urban planning should be strengthened to
increase their consistency and impact in reducing natural
hazards risks. Actions are proposed in this paper to improve
DRR, such as land use planning legislation invoking tech-
nical guidelines (including glossaries, methodologies or
mapping), the avoidance of undefined legal concepts to
reduce Council’s arbitrary decision making, establishing
AEP, determining return periods or factors of safety for

zoning and delimitation of liability and derived punishment
from disregarding legislation.
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