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Abstract

Clay sediments ate associated with a wide variety of engineering problems,
of which landslides, together with settlement, are the most investigated due to
the large associated costs. Quick-clay deposits, which if disturbed can transform
into a liquid, pose a serious threat to society in southwestern Sweden and have
been involved in several large landslides, sometimes with fatal consequences.
Even though the theories that explain quick-clay formation are well advanced,
no modeling that combine geologic information and reasoning with hard ge-
otechnical data to predict its distribution has previously been done.

The stepwise multi-criteria evaluation technique suggested here involves
identification of quick-clay preconditions from the literature. Then to derive
criteria priorities, an expert group consisting mostly of geologists and geotech-
nical engineers carried out pairwise comparisons using matrices from which
weights were calculated. The same group also participated in the development
of the utility functions used to standardize the criteria to allow direct criteria
comparisons. To populate the model, all criteria were quantified using empirical
geotechnical data, existing geological documentation and/ot environmental
proxy data. The model results were later cross-checked at selected sites with
geophysical methods. Finally, a rather large geotechnical data set was divided
and used to add a depth dimension to the model results and to test the predic-
tive powers of 2D and 3D models.

Quick-clay type settings were separately defined to facilitate clear communi-
cation of quick-clay predictions to non-specialists and to provide a structure for
comparisons to the depositionary and post-depositionary conditions in well-
studied east-Canadian and Norwegian quick-clay areas. These settings were
derived from trends observed in geotechnical, geologic, geophysical and model-
ing records.

Results of the predictive modeling were subsequently applied to landslide
hazard zonation in SW Sweden. However, the framework could, with slight
regional adaptation, also be applied in other areas (e.g. eastern Canada and
coastal mid-Norway) or even to other issues, wherever groundwater fluxes and
ground conditions are of interest (e.g. in contaminant transport, geological
process studies and groundwater resource exploration).
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Popular science summary

Quick clay is initially stable but may after disturbances lose neatly all of its
shear strength (i.e. sediment particle’s resistance to move relative to each other)
and thanks to its high water content transform into a liquid. The remoulded
shear strength is low and less than one fiftieth of the undisturbed strength (i.e.
the “sensitivity” is 50). The characteristic bottleneck-shaped landslide scars in
Sweden remind us of the occurrence, behavior and consequences of quick clay.
The presence of these highly sensitive clays does not degrade the initial stability
but is strongly decisive for the final size and damage of landslides. In south-
western Sweden, major quick-clay landslides have repeatedly destroyed infra-
structure, property and caused fatalities, from the major landslide at Intagan in
1648 continuing until today (e.g. 2006 in the Smardd area, Bohuslin). Although
many landslides during the last 100 years have been at least partly triggered by
man it is important to recognize that these events are linked to chemical and
physical changes in the clays that have occurred over thousands of years. These
changes in mechanical properties depend on local and regional geological con-
ditions.

Quick-clay developments, with few exceptions, occur in clay originally de-
posited in former marine environments next to the continental ice sheets. Sub-
sequently, these sediments were lifted over sea level and exposed to groundwa-
ter leaching and other post-depositional processes affecting the sediment and
its porewater. The distribution of cations, whose positive charge originally kept
the negatively charged clay particles from repelling each other, is hereby re-
moved. Many of the basic conditions that contribute to producing quick clays
exist in southwestern Sweden and no significant difference between the quick
and the non-quick clay deposits can be seen in grain-size distribution, mineralo-
gy or sediment age in this area. It is mainly the depositional environment and
post-depositional processes (mainly leaching) that explain local differences in
clay strength. The quick-clay forming processes occur at different rates depend-
ing on the stratigraphic architecture, surrounding geology and geomorphology
and groundwater conditions. The important changes in porewater chemistry are
most effective where groundwater flow in sandy or gravelly sediments occur
close to the clay.

The conditions described above were parameterized to form the basis of the
model designed to predict the conditions that can change the mechanical prop-
erties of the clay, allowing quick clay to develop in parts of the landscape. By
using mainly geomorphological and geological factors, it was possible to build a



computer model that can help predict the conditions for quick-clay formation
over large areas. To facilitate this, a group containing geologic, geotechnical and
chemical expertise weighted all of the contributing criteria relative to each oth-
er. The next step, which was also done in the expert group, was to standardize
the effects of each criterion so that they could be compared with each other
and added together. Data and information regarding all involved criteria were
combined to produce maps and 3D models showing the expected leaching
probability at each site, called the “quick-clay susceptibility index” (QCSI). Fi-
nally, the predicted results were tested against existing geotechnical measure-
ment results, mainly from road and railway feasibility investigations for and
areas of known landslide problems.

Just over 80 % of the study area consists of exposed bedrock or coarse gla-
cial sediments (sand and till which only rarely have clays beneath). The model
suggests that leaching conditions that affect the remaining areas (approximately
20 %), where clay is present, vary, but that about 4% of SW Sweden is likely to
contain quick clay at some depth below the ground surface. If the quick clay
was formed very deep there is no threat since normal landslides only reach
down to about 35 m at most. Other quick-clay areas are located far from river
and stream banks (where many slides start), but these could still be hazardous if
the slopes are steepened or overloaded. Generally the preconditions for quick-
clay developments are best fulfilled in central Bohuslidn and along the Géta dlv
River valley (including many of its tributaries). This is reflected both in high
QCSI values from the model, geotechnically documented highly sensitive clays
and in a landslide scar geomorphology typical of quick clays.

Quick-clay predictions can often not replace other more traditionally used
geotechnical field and laboratory measurements but can help anticipate clay
strength in areas without measurements, suggesting where the need for more
information is the greatest. Although the model predicts areas with very weak
clay strength (quick clay) and areas with quite high clay strength reasonably
well, it does not predict the clay with intermediate clay strength (sensitivity
values of 30-50), which may nevertheless be of geotechnical concern. This may
be because most marine clay deposits originally had sensitivity values close to
this intermediate strength, and these occur throughout SW Sweden, even in
areas where some clay has been altered to be quick.



Popularvetenskaplig sammanfattning

Kvicklera dr ursprungligen stabil men kan, tack vare sitt hoga vatteninnehall,
till £6ljd av storningar forlora nistan all sin skjuvhallfasthet (d.v.s. lerpartiklar-
nas motstaind mot att réra sig gentemot varandra) och siledes omvandlas fran
ett fast till ett flytande tillstind. Skjuvhillfastheten dr i omrort tillstind, per
definition, ldg och understiger en femtiodel av den ursprungliga (eg. sensitivi-
teten” dr 50). De karaktiristiska flaskformade skreddrren 1 Vistsverige pamin-
ner oss om forekomsten, beteendet och konsekvenserna av kvicklera. Dessa
kinsliga leror férsimrar inte den initiala omrddesstabiliteten men dr starkt be-
stimmande for den slutliga utbredningen och skadeverkningarna hos jordskred.
Flera stora skred ddr kvicklera bidragit till konsekvenserna har, vid upprepade
tillfdllen dtminstone sedan det allvarliga skredet vid Intagan 1648 och 4nda fram
till idag (exempelvis i Smarédsomradet, 2006), drabbat Vistsverige. Trots att
manga skred under de sista 100 aren har orsakats delvis av minniskan dr det
viktigt att notera att dessa hindelser ocksd dr kopplade till tusentals dr av ke-
miska och fysikaliska férindringar i leran. Dessa férindringar har, beroende pa
regionala och lokala geologiska forutsittningar, resulterat i skiftande mekaniska
leregenskaper.

Bildning av kvicklera sker, med fa undantag, i lera som ursprungligen avsatts
i marina miljGer 1 anslutning till inlandsisen. Harefter har dessa sediment, med
landhéjning, lyfts ovan havsvattenytan och blivit utsatta f6r grundvattenlakning
och andra processer som paverkar sedimentet och dess porvatten. Férdelningen
av positiva katjoner vars laddning ursprungligen hindrade de negativt laddade
lerpartiklarna fran att stéta ifran varandra blir pa sd sitt borttagna. Manga
grundférutsittningar som bidrar till utveckling av kvicklera dr vil tillgodosedda
i Vistsverige men inga patagliga skillnader finns mellan kvicka och icke-kvicka
leror vad giller kornstorleksférdelning, mineralogi eller sedimentens dlder. Istil-
let dr det frimst skillnader 1 avsittningsmiljon och de efter avsittningen aktiva
processerna som forklarar skillnaderna i leregenskaper. Kvicklerebildningen gir
med olika hastighet beroende pd jordlagerféljdens uppbyggnad (stratigrafisk
arkitektur), omgivande geologi och landskapsform och grundvattenférhallan-
den. De viktiga férindringarna i porvattenkemi sker frimst dir grundvatten kan
strébmma i sandiga eller grusiga sediment i nira anslutning till leran.

De ovan beskrivna férhallandena utgor basen till den datormodell som de-
signats for att forutsidga hur méjligheter £6r kvicklera att bildas varierar 1 land-
skapet. Genom att frimst anvinda geomorfologiska och geologiska kriterier har



det varit mojligt att snabbt prognostisera kvicklereférutsittningar Gver stora
omriden. For att mojliggdra detta arbete har en expertgrupp innehéllande geo-
logisk, geoteknisk och kemisk kompetens viktat alla inblandade kriterier relativt
varandra. Hirefter, ocksd med hjilp av expertgruppen, har de olika kriterierna
blivit standardiserade for att deras respektive effekter ska bli direkt jimférbara
och for att dessa ska kunna liggas ihop. Data och information gillande alla
kriterier kombinerades sedan till kartor och 3D-modeller som visar férvintade
kvicklereférutsittningar. Detta skedde genom anvindandet av ett si kallat
kvickleresusceptibilitetsindex, QCSI. Slutligen testades resultaten mot befintliga
geotekniska mitresultat som tagits fram frimst i samband med infrastruktur-
byggnation och vid stora slintstabilitetsutredningar.

Drygt 80 % av omradet bestir av ’berg 1 dagen” eller grova glaciala sedi-
ment som endast i undantagsfall Gverlagrar lera. I resterande omkring 20% (dér
lera kan finnas) férutsiger modellen att lakningsférhallanden varierar men att
ungefir 4 % av totalytan har kvicklera 1 nagot djupinterval i jordlagerféljden.
Om kvickleran har bildats pd storre djup finns inget strre hot dd normala
skred inte inbegriper material pa nivder djupate 4n ca 35 m. Andra kvickleror
som kan ha bildats pa storre avstind ifran dlvar eller dar (ddr manga skred sitts
iging) kan bli farliga forst om slinterna blir férbrantade eller Gverbelastade.
Generellt sett dr forutsittningarna for kvicklera bist representerade i centrala
Bohuslin och i Go6ta dlvdalen (inklusive dess biflédens dalgingar). Detta reflek-
teras 1 héga QCSI-virden frin modellen, hdga sensitivitetsvirden i de geotek-
niska undersékningsresultaten, hog elektrisk resistivitet (eller dilig elektrisk
ledningsférmadga) i geofysiska mitningar och i skredérrens form.

Modellerade kvicklereférutsagelser kan oftast inte ersdtta mer traditionellt
anvinda geotekniska filt- och laboratoriemetoder men kan hjilpa till med att
uppskatta lerans egenskaper och féresla var behoven f6r nya filtundersékningar
ir som storst. Aven om modellen relativt triffsikert forutsiger omriden med
kvicklera och omridden med jimférelsevis hdg skjuvhéllfasthet har den svirare
att rittvist representera leromriden med kinslighet néra det normala (sensitivi-
tet mellan 30-50) som trots detta ibland kan vara av geoteknisk vikt. En anled-
ningen till dessa prognostiska brister kan vara att leravsittningarna ursprunglig-
en enbart hade liknande virden och att dessa férekommer i hela Vistsverige,
dven 1 omraden dir leran stillvis omvandlats till kvick.
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PREDICTING SPATIAL AND STRATIGRAPHIC QUICK-CLAY DISTRIBUTION IN SW SWEDEN

1. Introduction and objectives

The total annual costs of landslides in Sweden (including quick-clay land-
slides) has been estimated to be roughly 100200 million Swedish kronor
(SEK) or 15-30 million US dollars (re-calculated from Cato, 1984 to account
for inflation). Among landslides, the potentially largest and consequently most
hazardous are the quick-clay landslides. The total societal cost of the Smardd,
2006 landslide alone has been estimated at approximately 500 million SEK
(MSB, 2009).

Quick clay is a type of clayey sediment that can, upon disturbance, rapidly
turn from a solid to a liquid (Reusch, 1901). Salt leaching, or more accurately
cation leaching, was originally proposed by Rosenqvist (e.g. 1946; 1953, 1955)
to be responsible for quick-clay formation and still is generally accepted as the
most important way to achieve quick properties. These theories were later con-
firmed and complemented e.g. by Talme et al. (1966), Talme (1968), Anders-
son-Skéld et al (2005).

Geohazard zoning utilizing multi-criteria evaluation tools in GIS has been a
large interest area for at least 20 years (e.g. Ayalew et al., 2005; Komac, 2000;
Yoshimatsu and Abe, 2006; Yalcin et al., 2011). However, only comparably few
scientific modeling studies have been done to spatially evaluate landslide likeli-
hood in Swedish, Norwegian and Canadian sensitive-clay settings (Erener et al.,
2007; LESSLOSS, 2007; Quinn, 2008, 2009, 2010, 2011). Moreover, even if
quick-clay developments has been studied using field and laboratory methods
for at least 70 years no predictive spatial modeling of quick-clay preconditions
and constraints has ever been undertaken. Nevertheless, there are rather obvi-
ous benefits of cross-utilizing information from a wide variety of sources (i.e.
geotechnical, stratigraphic, geologic, geographic and hydrogeological datasets,
maps, information and conceptual reasoning and expert judgment). Data to
facilitate such activities is also increasingly more accessible (e.g. through data-
bases that is now emerging; cf. INSPIRE, 2007; Fortin et al., 2008; Rydell and
Oberg, 2013).

This dissertation is aimed at the combination of geological and geotechnical
knowledge in the development of new tools and procedures that can be used in
quick-clay prediction and give decision support in different stages of stability
mapping. The necessary methodological developments summarized below were
accomplished stepwise, with improvement feedback between the main compo-
nents (Figure 1).

16



PART 1: SUMMARY

—_

A spatial database where stratigraphy and shear strength properties
were interpreted from preexisting geotechnical survey results.

2. A MCE (Multi-Criteria Evaluation) model that can predict clay shear
strength properties (i.e. sensitivity and remoulded shear strength) by
calculating a 2D or 3D quick-clay susceptibility index (Paper II and
III).

3. A framework for using geographical, geological and geotechnical in-
formation sources (i.e.the results from step 2.) in modeling of landslide
propagation assessment (Paper IV).

4. Electrical resistivity tomography (ERT) results at selected sites that can
be used to interpret and explain the stratigraphy and its effectiveness in
creating groundwater and leaching pathways assumed to be important
for quick-clay formation (mainly Paper I and V).

5. Type settings for quick-clay developments have been defined based on
trends observed in the application of components 1—4 (above). These
settings are designed to give perspective to the original modeling as-
sumptions and to help increase the interpretability of model results.
(Paper V).

In addition to the feedback mechanisms within the modeling activities
themselves (Figure 1), the use of multiple information types (geotechnical, geo-
logical, geophysical and geographical) provides valuable control on the concep-
tual assumptions from each information field. Spatial and stratigraphic model-
ing allows testing against inconsistencies with empirical data at any site. Com-

1. Geotechnical

database
2. Quick-clay 3. Landslide .
susceptibility (2D =1 retrogression resiitisiltecégiztailons
and 3D models) potential model Y

t *

5. Type setting
—— P classification and

comparisons

Figure 1. General methodological layout of the project where the main component con-
nections are indicated by atrows.
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PREDICTING SPATIAL AND STRATIGRAPHIC QUICK-CLAY DISTRIBUTION IN SW SWEDEN

parison of Swedish quick-clays to similar deposits in Norway and Canada (with-
in component 5) is also beneficial since the focus of research differs between
countries and the regional conditions and processes demonstrate the possible
range of variations more completely.

2. Background

The geologic origins, depositional conditions and post-depositional changes
are the basis for interpreting and modeling quick-clay characteristics, as is pre-
sented in papers I-V. The present section aims at providing background infor-
mation for appreciating this approach, and also some concepts that have been
produced within the project but that have not been made available before.

The formal definitions of quick clay vary between countries but usually in-
volve a high sensitivity ratio (Eqn. 1), low remoulded shear strength or some
other indicator of the liquid remoulded flow properties. The sensitivity scale
first suggested by Skempton (1952) has undergone several revisions and adap-
tions to regional conditions. In Sweden a sensitivity ($§7) of >50 and additionally
an undrained, remoulded shear strength (§,,) of <0.4 KPa (Karlsson and Hans-
bo, 1989) are used for most purposes. The sensitive clay nomenclature used in
Sweden is summarized in Table 1.

— Su
St = 5 1)
Whete:

S7 = Sensitivity
5= Undrained undisturbed shear strength
S = Remoulded shear strength

Sensitivity  Denotation Table 1. Swedish sensitive-clay nomen-

clature (after Karlsson and Hansbo,

<8 Low sensitive 1989, with a later, less formal addition by
8-30 Medium sensitive Lofroth, 2011, in grey).
30-50 High sensitive
>50 Quick clay (if S, is
<0.4kPa)
>200 Extreme quick clay
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PART 1: SUMMARY

2.1. Sedimentary environments in SW
Sweden

The sedimentary sequences of SW Sweden, known from geologic (e.g. Hille-
fors, 1969; Cato et al., 1982; Stevens et al., 1984; Stevens, 1985; Stevens, 1986;
Stevens et al., 1991), geophysical (e.g. Turesson, 2005, Klingberg et al., 2000;
Karlsson, 2010; Malehmir et al., 2013) and geotechnical field and laboratory
studies (e.g. SGI, 2012a-c) reflect the environmental changes that have oc-
curred, locally and even globally, over the past 15,000-20,000 years (Figure 2).
Following the climatic shifts that resulted in deglaciation, uplift has exposed the
sediments from former glacial, glaciomarine, open marine and near-shore envi-
ronments to atmospheric and groundwater contact. The sedimentary series is
briefly summarized below.

The coarse-grained and highly permeable till and glaciofluvial deposits that
formed beneath the ice or in close proximity to the retreating ice margin
(Figure 2 & 3) are hydrogeologically in strong contrast (i.e. considerably more
permeable) to the much finer clayey sediments deposited simultaneously in
glaciomarine settings only a short distance from the icefront. The thickness of
coarse-grained sediments may in places reach 50 m or more, while at other
localities they are missing or have very limited thickness. Till and glaciofluvial
distribution is largely controlled by the distance to geographic standstill posi-
tions of the icefront, the regional glacial flow and bedrock morphology (result-
ing e.g. in stoss side deposits) and by sub-glacial meltwater drainage patterns.

The overlying glaciomarine clay (Figure 3) varies in thickness from zero to
over a hundred meters. Its overall character is related to its source (which has
varied with time). First, the glacial meltwaters carried abundant fine-grained
sediments, typically allowing 0.01-0.1 m/yr deposition in biologically low-
productive environments along the Swedish west coast. Glaciomarine varves
(cf. Stevens, 1985) and associated silt and sand lamination formed in the oldest
(i.e. deepest) clay due to seasonal ice melting. Since they have only poor contact
with coarse-grained deposits and are often thin, the groundwater transport
through these laminations can be expected to be low. As climate got warmer
the production of meltwater increased, as did the distance to the icefront. Sand
and coarse-silt supply to the marine sediments was now limited by the transport
capacity of the meltwater while fine-grained material was still abundant. Silt and
sand layers could still form by wave erosion and reworking of the eatlier coarse
deposits exposed in the isostatically rising, hilly terrain. These layers within the
middle and upper part of the stratigraphy have thicknesses from zero to several
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meters and are often effective carriers of groundwater. Eventually the Scandi-
navian ice sheet was too far away and diminished in size to provide significant
sediment. The still on-going land uplift (1-2 mm/yr; Agren & Svensson, 2007)
allowed reworking to be the dominant sediment source for new deposition, as

the marine environments became shallower, until lifted above sea level.
11°0'0"E 12°0'0'E

58°0'0"N—1
58°0'0"N

&

12°0'0"E

0 20 Kilometers
--= Minor ice stationary line [lll Area below the ca. 7 kyBP sea level

Ft Major ice stationay line || Area below the post-glacial limit (ca. 13kyBP )

Figure 2. Paleogeographic map indicating areas below the 7 kyBP and the 13 kyBP sea
levels and mapped icefront positions (compiled by using data from Bjorsjo, 1949; Stevens,
1986; Lundqvist and Wolfarth, 2001; Passe, 1996; Passe and Andersson 2005 on a hillshade
background derived from NLSS, 2010).
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TYPICAL WATER GENERALIZED STRATIGRAPHY AND COMMON GEOTECHNICAL FEATURES
RATIO &O—
[ 40 80 %

Shallow-marine deposits. Locally characterized interlayering of clays
with high water content and silty to sandy portions is common and can
give variable strength characteristics. High organic content associated with
low shear strength in clays. Cation leaching and excessive porewater
pressure due to adjacent permeable intervals may further lower slope
stability in fine-grained clays. Dry crust development has occurred recently
and, in some areas, during the early Holocene regression.

Very-distal-glaciomarine deposits. Regionally correlative deposits of
fine-grained Clays with very high water contents (glacial interstadials and
strong flocculation) alternate with one or two intervals with coarser texture
and higher anisotropy (glacial stadials). Contrasting permeability and
compaction characteristics, as well as leaching and porewater-pressure
effects are expected as above.

Depth
)
(m i

Glaciomarine deposits. Clay and water contents decrease
stratigraphically downward as silt and sand lenses increase. These trends
together with compaction effects generally cause increasing shear
strength. However, clays from very rapid flocculation (early glaciomarine)
and the variations of mineralogy and texture within cm-thick rhythmites
(varves) may allow significant deviations not always observed with
standard testing procedures. Greatest permeability towards bottom.

\
L]

19 15 2'0 t/m®
YPICAL BULK
DENSITY 0 — —@

Coarse glacial deposits. Sand and diamicton with high bearing capacity.
Permeability is important for the porewater leaching and development of
quick-clay and overpressure characteristics in overlying sediments.

10-50*

Figure 3. Generalized stratigraphic sequence for SW Swedish valleys (Stevens et al., 1991).

2.2. Clay properties

Clayey sediment in SW Sweden is partially derived from the grinding and
crushing of rock and partly by the erosion and reworking of eatlier sediments,
before its subsequent deposition in marine water (cf. section 2.1 above). Physi-
cal, chemical and mineralogical properties all interact to produce the resulting
geotechnical behavior.

2.2.1. Physicochemical properties

Engineering classifications often requires only 15% clay-sized material to
define clay, whereas the rest may be silt or sand. The clay particles, if originally
settled in a marine environment, are usually in flocs with card-house structure.
Contrary to ordinary card-houses the building elements are of unequal size and
can be arranged edge-to-face, face-to-face or edge-to-edge. Clay particles are
small (by most definitions <2 pm or <4 pm). The clay minerals occur abun-
dantly in this fraction and are plate shaped (edge to face ratio of 1:100-1:1000).
These carry negative surface charges due to isomorphous substitution (i.e. re-
placement of atoms in the crystal lattice by other similarly sized atoms without
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changing the crystal structure). In illitic clays, this occurs mostly by substituting
Al for Si*t, giving the negative surface charges. To satisfy these charges cati-
ons are attracted and held to the exchange sites by electrostatic forces. The
distances within which the clay particles may attract cations are explained by the
diffuse double layer theory that were suggested by Derjaguin and Landau
(1941), extended by Verwey and Overbeek (1948) and reviewed by van Olphen,
1977).

In a diagenetic or groundwater influenced environment the cations can be
leached or exchanged, but the extent varies between species. A lyotropic series,
such as the one suggested by Troeh and Thompson (2005;
AP*>Mg?+>Ca?*>K*=NH;*>Na"), illustrates the adsorption strength for
various cations and thus how easy they are to exchange (depending on cation
valence, their relative concentrations and their hydrated size; e.g. Carroll, 1959;
Torrance, 2009). A similar series (i.e. Ca2*>Mg2*>>K*>Na"), for the same
reasons, indicates the relative influence of different cations on flocculation
processes (Rengasamy and Sumner, 1998).

The organic content of SW Swedish Holocene clays is generally <5%, often
decreasing with increasing age of the deposits (i.e. depths). The glaciomarine
clays deposited during the late-Pleistocene deglaciation contain <1% organic
matter. The CaCOs contents usually exhibit a trend opposite to the organic
contents (L.e. increasing with depth). Also, areas near exposed sedimentary
rocks (e.g. the Vistgitabergen plateau mountains) generally have higher car-
bonate contents in till aquifer groundwater.

2.2.2. Mineralogical composition

Quick clays are mostly associated with low-active (Ac<1; Eqn. 2) glacioma-
rine or marine silty-clayey deposits. The activity of Swedish inorganic clays
commonly ranges from 0.4 to 1.1 while regionally found quick-clays are 0.2-0.4
(Karlsson, 1981). This composition enables flocculation and hence a collapsible
metastable microstructure (card-house structure).

Plasticity index

Activity = 2

% of material<zum

A clay sediment’s mineralogy impacts the permeability, pore number and
flow path tortuosity, which in turn affects the rates of several physical and
chemical processes (cf. sections 2.3.2 and 2.3.3). Clay sediments are normally
comprised of both primary minerals from eroded bedrock (e.g. silicates) and
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clay minerals (phyllosilicates) derived from both weathering and erosion of
bedrock and former sediments. In the clay fraction of Swedish Quaternary
clays, clay mica (often referred to as illite) is most abundant (e.g. Brusewitz,
1982; Stevens et al., 1987). Other major mineralogical constituents, in decreas-
ing proportions, are quartz, feldspars and chlorite. Apart from soil hotizons,
mixed-layer vermiculite-biotite and vermiculite are the only swelling clay miner-
als which commonly occur, but at low concentrations. Swelling clay minerals
negatively correlate with clay sensitivity and only small amounts of these are
needed to exclude quick-clay developments (cf. Torrance, 2014). Other miner-
als (e.g. hornblende, epidote and garnet) occur, although much less frequently.

2.2.3. Leaching and cation redistribution

A general or selective removal of cations from the originally matine porewa-
ter expands the diffuse double layer which causes an increase in inter-particle
repulsive forces which. In turn this lowers the remoulded shear strength, in-
creases the sensitivity, and results in a liquid limit lower than the natural water
contents (Wy). Other Atterberg limits and related index properties (including
the liquid limit (IF7), the plasticity index and the related sediment activity; cf.
Eqgn. 2; Loken, 1970; Larsson, 2008) are also shifted. By leaching the samples
with two to three times the pore volume Bjerrum and Rosenqvist (1956)
achieved quick behavior on non-quick clay samples sedimented under marine
conditions in the lab. The cations, which in the original stage help balance the
negative clay particle surface charges, are continuously detached by two sepa-
rate processes: advective leaching (due to groundwater movement) and cation
diffusion (when concentration gradients preexist or have developed). Both can
depress the diffuse double layer and result in the domination of the repulsive
negative particle charges over the electrostatic and van der Waals forces attrac-
tion. The simple, so-called advection—diffusion relationship (Eqn. 3) can be
used to illustrate cation transport in quick-clay development, where the first
term represents the effect of diffusion on particle exchange, the second advec-
tion, and the third adsorption. The detailed effect of these processes for sedi-
ment and porewater geochemistry over time is, however, also dependent on the
interdiffusion of multiple ions and the equilibrium coefficients for cation ex-
change relative to the cations and minerals involved (Lerman, 1979).
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dc d%c dc p ac*
2 _p Loyl p 0 ©
dt dx otx  npy Ot

Where

¢ = concentration of cation in question,

t = time

Dy.= cation dependent diffusion coefficient
v = advective velocity

x = spatial coordinate

p = sediment bulk density
pw = density of water

N = sediment porosity

¢" = concentration adsorbed on sediment particles.

As is inferred by Eqn. 3, diffusion of cations occurs when concentration
gradients exist. At least two separate diffusion fronts usually develop in valley
stratigraphic sequences. First, an upward diffusion occurs in response to the
low-saline, surface infiltration into the partly fractured deposits of the dry crust.
Second, diffusion either toward relatively fresh groundwater in the lower till
aquifer or in inter-layered sand layers may occur if these are present.

Advective leaching occurs mainly in response to pressure differences in the
three principal stratigraphic units. Artesian flow into the clay can originate from
groundwater in the lower till or glaciofluvium aquifer or from permeable sandy
layers interlayered in the clay sequence (cf. Berntson, 1983). If these coarser,
conductive units are laterally drained then the underpressure will induce advec-
tion in the opposite direction, toward the conductive units and may also intro-
duce an increased horizontal groundwater flow component. This situation will
also aid the downward percolation from surface infiltration. Clay permeability
affects the advective velocity, and is commonly <108 m/s in the SW Swedish
glaciomarine and marine clays, as opposed to 106~10-8 m/s or greater in sandy
till aquifers or 10¢~10-! m/s in glaciofluvial aquifers and permeable sand layers
(Larsson, 2008). The water-conducting coarse glacial units are recharged either
by direct surficial contact or via groundwater transport in fractured bedrock.
For clay samples with equal clay content, a slower sedimentation rate will result
in an initially more open microstructure and higher permeability (Bjerrum and
Rosengvist, 1956). Lower loading pressure and the greater bonding strengths
favored by slower sedimentation will further help maintain the open micro-
structure. Permeability of sodium-illite and silt mixtures prepared to resemble
the Champlain sea clay, which are similar to the SW Swedish clays, were shown

24



PART 1: SUMMARY

to be affected by clay content, sedimentation procedure (initial structure), hy-
draulic gradients and electrolyte concentrations (Quirk and Schofield, 1955;
Hardcastle and Mitchell, 1974).

A combination of the features listed above affects leachability of the cation
species, their varying diffusion constants and their relative flocculative powers
that are obviously important when considering the evolvement of geotechnical
behavior through time. In agreement with this, it has been suggested (e.g. by
Talme, 1968; Andersson-Skold et al., 2005) that not only the total porewater
salinity but also the ratios between cations affect the quick properties. In short,
clays of suitable origin that have not become quick regardless of leaching tend
to have relatively more divalent cations in the porewater than their quick-clay
counterparts. The ratio Na*/(K*+ Ca2++ Mg?*) is used to illustrate that at high
relative Na* concentrations, sensitivity tends to be higher. However, the correla-
tion between this ratio and sensitivity does not apply when the total salinity is
too low to maintain floc stability (Andersson-Skold et al., 2005).

Although cation leaching is considered an important or even dominant pro-
cess affecting the shear strength properties of quick clays (Brand and Brenner,
1981; Torrance, 2014), at least three other processes can be locally important.
First, according to Séderblom (1959) naturally occurring organic or inorganic
substances act as dispersants that raise the sensitivity by decreasing the re-
moulded shear strength. Second, cementation that may affect sensitivity and
clay behavior has been mostly studied in Canadian settings (e.g. by Torrance,
1986, 1990 and Boone and Lutenegger, 1997). The analogous conditions and
effects in Sweden involving silicates, crystalline or amorphous iron and alumi-
num oxides or carbonate presence are largely unknown. Third, depending on its
form negatively charged organic matter may compete in the clay-watet-
electrolyte system for cations by complex binding (Séderblom, 1969; Pusch,
1973) or act as a dispersant (S6derblom, 1974).

2.2.4. Distribution of quick clay in Sweden

The extent of quick-clay deposits is mostly known from geotechnical inves-
tigations that have been undertaken prior to infrastructure and other construc-
tion projects, following landslide events and during regional stability investiga-
tions that have taken place in the last 100 years and, to a lesser extent, from
scientific studies. It is, in this perspective, worth noting that the knowledge of
clay character decreases with depth below the ground surface, distance from
major linear infrastructure and away from streams and rivers.
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Figure 4. Confirmed quick-clay deposits from infrastructure and slope stability projects,
especially along the Gota dlv valley (SOU, 1962; Talme et al., 1966, SGI, 2012a and Swe-
dish Transport Administration VV references given in section 3.1.7).

The distribution of known Swedish quick clays is heavily clustered in areas
below the marine limit on or near the west coast, although some smaller and
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less frequent deposits have been recorded on the east coast of Sweden. These
latter deposits (cf. Talme et al.,, 1966) have largely brackish-freshwater origins
and will not be further addressed in this work.

To constrain the distribution of the SW Swedish quick-clay deposits, areas
below the shoreline that prevailed ca. 7,000 years before present (see Figure 2)
could be emphasized, since the Holocene marine clays deposited long after the
glacial retreat are a common quick-clay stratum (SOU, 1962). Nevertheless, the
clay sediments within the rather large areas below the marine limit differ in their
exposure to quick-clay formation processes. Therefore, to achieve greater pre-
dictive power, additional stratigraphic and geographic criteria (presented in
papers 1I and I1I) need to be used.

The most studied and best known quick-clay deposits are located in certain
areas along the Gota ilv River and its tributaries (e.g. SJ, 1922; Talme et al.,
1966; VV, 2008b; SGI, 2012a), the Lidan River valley (e.g. Odenstad, 1951) and
large and small stream and river valleys of the Bohuslin province (e.g. VV,
2002, 2005a-b, 2006a-g and 2007a-b). Usually only part of the stratigraphy has
experienced sufficiently favorable conditions for quick-clay formation. Talme et
al. (1966) compiled approximate thicknesses of stratigraphic intervals with
quick clay from various 1950s and 1960s landslide studies in SW Sweden and
concluded that the thickness of the quick interval varied between 3 and 20 m,
which is only a part of the total thickness at these sites. It has been proposed by
Talme (1968) that the Holocene marine clays (sometimes misleadingly referred
to as post-glacial clays) are more prone to becoming quick than the earlier
glaciomarine clay (sometimes simply called glacial clay). Permeable sand layers
within this part of the stratigraphy also favor quick-clay development. The SOU
(1962) investigations of the Gota dlv River valley conclude that the location of
clay deposits in relation to the groundwater recipient (commonly a stream or
river) dictates the clay volume leaching etfectiveness, that the rate of leaching is
affected by the proximity to coatse-grained sediments and that the cation re-
moval processes is nearly always complete close to valley margins and where
clay thicknesses are limited.

2.3. Landslides in sensitive clay areas

Although quick clays do not affect the initial stability conditions the size and
consequences of a landslide are. At least 2% of the banks along the Géta ilv
River have been affected by landslides (Hageryd et al. 2007). Typically, quick-
clay landslides (Figure 5) are large flowslides in which a varying portion of the
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involved masses has liquefied. With limited flow (due to less complete remould-
ing or higher §,,), horst and graben structures also occur, but the classic exam-
ple of a quick-clay landslide with extensive liquefaction is the so-called bottle-
necked landslide where narrow outflow channels have evacuated the debris
from a larger volume inside the zone of depletion. These can occur even with
very low slope gradients. Although the slide debris must be able to flow when
remoulded, the areal extent of quick-clay landslides is not solely dependent on
clay properties (e.g. 5% Mitchell and Markell, 1974; Larsson et al, 2008;
I’Heureux, 2012; Thakur and Degago, 2012) but also the stability of the initial
landslide backscarp and the ability of slide debris to get remoulded, (cf. Tavenas
et al. (1983). Landslide propagation is also dependent on the accommodation
space in the flow-out area, irregularities in the underlying bedrock surface and
stratigraphic variations in strength related to leaching or consolidation. To ex-
emplify, Bohuslin landslides are often small, not because of lack of quick clay,
but since they are often restricted by outcropping bedrock and associated
coarse sediments of higher stability. Landslide propagation may be either retro-
gressive (L.e. start close to stream or river and progtress uphill) or progtressive
(i.e. start at higher slope elevations and progress forward) depending on local
conditions. The former are most common in connection with natural stream
erosion and over-steepening, whereas progressive slides are common with over-
loading in connection with construction or other human activities (cf. Ber-
nander, 2011; Locat et al., 2011).

Some of Sweden’s most severe landslides ate documented in Table 2 to-
gether with Canadian and Norwegian examples. The morphology of selected
landslide-prone areas is demonstrated in Figure 5 where Figure 5d shows parts
of the Gota élv River valley that will be discussed later (section 4.3). Apart from
the direct effects in the landslide area, upstream and downstream areas along
rivers can be secondarily affected. Increased water turbidity, contaminant re-
suspension, flooding may occur either initially or after dam drainage (G6rans-
son et al., 2009).
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Table 2. Selected examples of large SW Swedish (above horizontal divide) and interna-

tional landslides.

Landslide Zone of Consequences Cause
depletion
area (mz)
Jordfall ca. 1150", 370,000 Probably dammed The Géta alv River Natural
Bohus and rearranged the river course
Intagan 16582, Aker- 270,000 Damming of the Gota alv River, 85 Natural
strom fatalities
Surte 1950° 240,000 Damming of the Géta alv River disturbed Low natural stability and
traffic.31 houses destroyed. 450 families passing train
homeless.1 life lost, 2 persons severely
injured
Gota 1957* 370,000 3 lives lost and at least 3 injured. Sub- Erosion and possibly
stantial property damage (e.g. several sulphite liquor infiltration
industrial structures destroyed). from adjacent factory.
Tuve 1977° 270,000 9 fatalities, 60 injured and 436 temporari- Steep bedrock inclination
ly homeless. Road and 65 houses under clay, heavy precipi-
damaged. Total cost of landslide esti- tation, artesian condi-
mated at 140 million kronor (which tions, traffic vibration and
roughly correspond to 580 million kronor increased load.
today; MSB, 2009).
Skottorp 1946° 34,500 Lidan stream dammed. Material damage Heavy rain and snow
to a mill melting
Smaréd 20067 85,000 Demolished road, rail, cars and other Overloading by stored
property. Societal costs estimated at 500 filling material.
million kronor.
St Vianney 1971 s, 324,000 31 lives, 40 homes Natural
Québec , Canada
Notre-Dame-de-la- 40,000 33 lives, 12 homes Natural. Failure plane on
Salette, 1908°, Qué- porous horizon
bec, Canada
Gauldalen 1345"', Uncertain An estimated 500 lives lost many in Natural
Norway subsequent landslide dam drainage.
Some churches and 48 farms destroyed.
Verdal 1893"", Norway 4 000,000 116 people perished, 105 farms de-
stroyed. 3.2km? lake formed.
Rissa12,Norway 330,000 1 person died and 7 farms and 5 single Shore-proximal slope re-

family homes were destroyed or perma-
nently evacuated.

design during barn
construction

Swedish examples: 1ISOU (1962), Hultén et al. (2006); 2Jarnefors (1957); 3Jakobson (1952)
and Caldenius and Lundstrém (1955); *Odenstad, 1958; 5Cato (1981); ¢{Odenstad (1951);
7Hartlén et al. (2007).

International examples: 8Tavenas et al. (1971); °Ells (1908); ®Rokoengen (2001);
liBjorlykke (1893) and Reusch (1901); 2Gregersen (1981).
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a) The Norsalven River valley near Edsvalla b) The Orekilsalven River valley near Ed

I~

d) The Slumpan stream - Gota
alv River confuence

c) The Lidan Stream valley near Jarpas

0| Landslide database location (SGI, 2012) 0 1,000 Meters
\:l Landslide scars mapped by Frodin (1919) N
! "1 Landslides mapped from LiDAR (data modified from LMV, 2011) A

Figure 5. Landslide scars shown on a DEM backdrop (NLSS, 2012) where the grey tone has
been modified to amplify the landslide scar imprint.
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2.4. Quick-clay mapping and management

Of the choices available for quick-clay mapping (Table 3), the most tradi-
tional and also the most widely applied method includes core sampling and
laboratory testing on the undisturbed and remoulded shear strengths using the
Swedish fall-cone apparatus and then calculating the sensitivity.

Geotechnical field methods for estimating sensitivity include the rotary field
vane, frequently utilized in Norway, and total penetration resistance derived
from static pressure soundings and cone penetration tests (Lofroth, 2011 and
references therein).

Additionally, electrical resistivity tomography (ERT) in two or more dimen-
sions is increasingly popular (cf. Solberg et al., 2008; Lundstrom et al., 2009)
and used to separate leached from unaffected clay deposits and to interpret
stratigraphy. Resistivity methods are however limited by the influence of verti-
cal fractures and buried objects, overlapping resistivity values (e.g. potential
quick clay, floodplain deposits and varved glaciomarine clay can all have identi-
cal resistivity values) and the fact that low porewater salinity does not always
correspond to quick clay. Resistivity probes (CPT-r) have also been tested in
several studies (e.g. Schilin & Tornborg, 2009) and yield results consistent with
the more common 2D ERT. To increase the spatial coverage, that is inevitably
small in land-based surveying, initial testing of helicopter-borne electromagnetic
methods has been done in Norway (Pfafthuber, 2014), but with relatively low
subsurface survey resolution and with the same problems as conventional 2D
ERT. Other electromagnetic methods, (e.g. radiomagnetotelluric and con-
trolled-source audiomagnetotelluric methods: Kalscheuer et al., 2013) have
similar problems in resolving stratigraphic detail and distinguishing the strength
characteristics when factors other than leaching have been important. Most, if
not all, geophysical methods should be constrained or calibrated using infor-
mation from geotechnical measurements.
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Table 3. Relative strengths (pale gray) and limitations (black) of alternative quick-clay
mapping tools. These methods have different and complementary purposes and cannot

be strictly compared (modified from Persson and Stevens 2012).

Quick-clay identification and mapping methods

Fall-cone determi-
nation of shear
strength

CPT and static
pressure sounding

ERT for porewa-
ter salinity and
St assessment

MCE to predict
quick-clay
probability (e.g.
Qcsl)

Confidence in
method

Method robust-
ness

Quick-clay
mapping capa-
bility

Spatial cover-
age

Stratigraphical
resolution

Running costs
Survey time

expenditure

Survey site
damage

Method’s agility

Additional
information
received

Established and
used for quick-clay
definitions

Sound empirical
relationships.

Disturbance during
transport and
storage

Largely 1D

High, Potentially
very accurate

Very expensive

Time consuming

Disturbance due to
coring and drill rig
treads. Areas may
needs to be cleared

Machines might be

unsuitable if stability
is poor

Stratigraphy

Established
Assumptions needed

Very high sensitivity
values underestimat-
ed.

Largely 1D

High, Potentially very
accurate

Expensive

Time consuming

Disturbance due to
coring and drill rig
treads. Areas may
needs to be cleared

Machines might be
unsuitable if stability
is poor

Stratigraphy. Pore
pressure can be
measured

Growing

Relies on com-
plimentary data

Relies on com-
plimentary data

Commonly 200—
400 m 2D profiles

Thin units (<5m)
are excluded

Potentially costly

Time consuming

Little damage on
vegetated sur-
faces

Difficult in dense-
ly forested terrain

Indicates
groundwater and
leaching path-
ways

Improving

Improving. Some
subjective com-
ponents

Decreases in
areas with low
data density.

1-3D

Depending on
model inputs

Very inexpensive.

Dependent on
operator’s experi-
ence

None

No restrictions

Interpretations of
groundwater
regime and
stratigraphy

In Sweden, the evaluation of slope stability is initially based on a delineation

of areas where stability may be problematic (cf. MSB, 2010). This is done large-
ly by first considering surficial sediment type and slope geometry. The hazard
class where landslide retrogression is expected is defined based on a 1/10 slope
gradient (i.e. 5.71°). In subsequent steps geotechnical soundings are catried out
to provide input data for safety-factor calculations (cf. Skredkommisionen,
1995). Following this, stability zones are expanded to include quick-clay areas if
these have been documented from field and laboratory testing.
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A risk assessment includes, in addition to the probability of slope failure,
consideration of consequences of landslides. A recent example is reported as
part of the Goéta dlv River valley survey project (SGI, 2012a), and dealt with the
possible negative impacts on buildings, roads, railroads, river shipping, water
and wastewater systems, natural environments, cultural heritage sites, power
supply systems, trade and industry monetary loss (Andersson-Skold, 2011).
Generally, if the quick-clay hazard is too large and the consequences of land-
slide occutrence is too high, ground reinforcements (such as dectreasing slope
steepness, Installation of lime-cement columns, erosion control and slope-
support filling), removal of contaminated masses or property evacuation is
recommended.

Increasingly faster and affordable computers have advanced computational-
intense modeling from one to four or more dimensions in the past 60 years,
whilst 90 % of the total global data was generated over the past two years
(Moore, 1965; Dragland, 2013). Several fields (e.g. military, finance and re-
source prospecting) have been driving data production and the evolvement of
modeling procedures that takes advantage of these technical developments.

3. Methodology

This dissertation is chiefly concerned with predictive modeling of quick-clay
formation. The other objectives given in the introduction (Figure 1) are sup-
porting, developing or applying the model results. The following modeling
section (section 3.1) describes the modeling procedures to an extent that in
combination with papers I-V will allow an experienced GIS user with access to
suitable datasets to repeat, manipulate or revise the model without little addi-
tional instructions. The subsequent section 3.2 illustrates electrical resistivity
tomography which was used both to examine modeling results and to formulate
the five quick-clay type settings of section 3.3 where the combination of geo-
physical, geotechnical and geological evidence is used. Last, in section 3.4, it is
demonstrated how the model results can be used in a landslide hazard zonation
context.

3.1. The QCSI model

In all essence, the suggested modeling follows the analytical hierarchical
process to sequentially assess the effects of multiple contributory preconditions
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on, in this case, clay leaching to predict quick-clay properties. Broad reviews
and further details on other thematically related MCE methods are given by
Keeney & Raiffa (1993) and Malczewski (1999).

3.1.1. 2D quick-clay susceptibility modeling

The modeling steps used to meet the problem formulation, Which areas best
fulfill the requirements for leaching of glaciomarine and marine clays and are thus susceptible
to quick-clay formation?, were (as illustrated in Figure 6, papers 1I and III and fur-
ther explained in coming sections):

formulation of the model objective,
identification and hierarchical structuring of conditioning critetia,
criteria weights assignation,

Bl A

criteria ranges standardization using utility functions to generate

single criterion utility maps,

5. aggregation of criteria utility maps and criteria weights into one re-
sulting quick-clay susceptibility map corresponding to the model
objective and

6. model result evaluation and presentation.

3. Critierion
weighting (wj) with

expert group input,
based on theory and

experience

1. Formulation of
model objective:
Which areas best
fulfill the requirements
for freshwater
leaching of marine
clays and are thus
susceptible to quick-
clay formation?

2. Criteria selection
and structured
hierarchy from
literature survey

v

5. Combination of
weighting-utility
products for all
criteria as a single

map

L,

4. Standardized
criterion utility (uij)
presented as
separate maps

kg

— *
U=Zw"u

6. 2D Result
presentation as a
probability index
(Qcsi)

1

Figure 6. Workflow of 2D QCSI modeling (reprinted from Paper II).

3.1.2. Criteria identification

A large number of criteria known from the literature (and reviewed e.g. by
Quigley, 1980; Brand and Brenner, 1981; Torrance, 1983 and 2014; Rankka et
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al. 2004) to be involved in quick-clay formation were considered and used in
Papers 1I and III (cf. section 3.1.4). Later, in paper 1V, an additional critetion
(i.e. proximity to >2n order streams) was added to better reflect a previously
unaccounted pathway for leaching related to near-horizontal groundwater flow
near streams (cf. Lefebvre, 1996). In the present work, stream order was as-
signed by giving main rivers an order of 1 and tributaries given successively
higher order.

Criteria that do not vary significantly in southwestern Sweden or are not
possible to predict from our data and information basis were excluded from
further modeling although some of them might still be locally important (Table
4). This source of error is recognized and, in part, defined by relations present-
ed in section 4.6. Criteria are, after selection and exclusion (Table 4), parameter-
ized, ordered into a hierarchy and weighted (Table 5 and Figure 7) to facilitate
further modeling.

Table 4. Excluded model criteria alternatives.

Environmental factors Physical character of clay

e Accumulated Holocene precipitation e Clay grain size distribution 2
(Paper V)** « Clay permeability™ 2

e Peaks in underlying bedrock (Rankka et « Clay microstructure (cf. Pusch 1970)" 2
al. 2004)?

Mineralogical factors Chemical composition of clay

Contents of or proximity to carbonate rich e Organic and inorganic dispersants (S6derblom 1974a & b)2

sediments and rocks' e Porewater cation ratios (e.g. Sodium adsorption ratio,
e Clay mineralogy (cf. Brusewitz, 1982)2 cation exchange capacity, porewater Mg2+ contents relative
« Degree of Ca-feldspar weathering? to other cations or ratios cf. Talme et al., 1966 or Anders-
o Amount of swelling clay minerals’? son-Skéld et al., 2005)°
¢ Ratio of clay minerals to primary miner- e Cementation (e.g. Bentley & Smalley, 1978; Bentley, 1980;
als"? Torrance, 1990; Torrance 1995; Boone and Lutenegger,

1997; Berry and Torrance, 1998; Torrance, 2012)1’ 23

ICriterion have no significant variance within the study area, ZData insufficient for model-
ing and 3The criterion impact on quick-clay developments in SW Sweden not fully inves-
tigated (modified from Persson and Stevens, 2012).
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3.1.3. Weighting procedure

Pair-wise comparison matrices (Paper 1I) were set up following the AHP
(Analytical hierarchical process) methodology suggested by Saaty (e.g. 1977,
1980, 2008) for each hierarchical level (Figure 7). An ordinal scale (Table 5) was
used by a group of 7 Swedish quick-clay experts (5 geologists, 1 geotechnical
engineer and 1 chemist) to describe the relative importance of pairwise com-
pared criteria. Hereafter, the expert group and additional specialists confirmed
the calculated weights. The criteria weights (Figure 7) with respect to the previ-
ously formulated problem were derived by multiplying the matrix with itself
repeatedly until consistency in eigenvalues were reached and then dividing each
row sum by the sum of all rows. The full mathematical derivations are given by
Saaty (1977). Calculations were done using Logical Decisions® v 6.1 for Win-
dows. The expert group and additional specialists were also given the chance to
suggest modifications to the set of weights that was finally used.

Table 5. The rating scale used in AHP weighting (modified after Saaty 1977 & 2008).

Relative im- Definition Explanation
portance
1 Equally important Two criteria contribute equally to the objective in
section 3.1.1
3 Moderately more important Experience and judgment slightly favor one

criteria over another

5 Strongly more important Experience and judgment strongly favor one
criteria over another

7 Very strongly more important One criteria is favored very strongly over anoth-

er; its dominance demonstrated in practice

9 Extremely more important The evidence favoring one criteria is over-
whelming
Reciprocals of The members of each pairwise By definition
above comparisons have reciprocal values
Rationals Ratios arising from the scale If consistency were to be forced by obtaining n

numerical values to span the matrix

Consistency ratios (C.R.) were calculated (Eqn. 4) to assure consistency in
the weighting process. Consistency indexes (C.I.) were first calculated for the
weighting matrix and a random matrix (Eqn. 5).
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C.R = C.I of matrix / C.I of “random matrix”, “
where

ClL=(max-n)/(n-1) (5)
in which

Amax = Principal Eigenvalues (i.e. the product of the matrix and the unad-
justed weight vectors) and

n = number of rows or columns in the weighting matrix

All weighting matrices within this study had C.R <0.1, satisfying conditions
recommended by Saaty (1977).

Time available for post-depositional processes

Groundwater capacity —

Geomorphologic conditions
for high groundwater flux

Stratigraphic potential for

Relative infiltration capacity high groundwater flux

Figure 7. Criteria weights, modified from Papers II and IV, symbolized by the angular
extent of each field. The outer ring represents criteria groups and the inner rings give
single criteria and sub-criteria weightings where PL. = permeable layering, CT = Clay
thickness, AT = Aquifer thickness, DB = Distance to bedrock outcrop, DG = Distance to
glaciofluvial outcrop, DT = Distance to sandy till outcrop, RR = Relative relief, 2ndO =
Proximity to 27d order streams, FA = flow accumulation, GC = Groundwater capacity, TA
= Time available for post-depositional processes, TER = Topographic exposure to re-
work, PIF = Proximity to icefronts, SC% = Areal % of surficial coarse material.

3.1.4. Criteria quantification and standardization

Empirical data were preferred over theoretically derived data. However,
when criteria data were sparse or missing, proxy data and conceptual infor-
mation were also considered.
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Figure 8. Utility functions used for standardizing criteria. TA = Time available for post-
depositional processes, WC = Groundwater capacity. The other abbreviations are given
in the caption to Figure 7.

The observed (or model derived) criteria data (Table 6—Table 11) were used
to construct separate maps of each criterion’s utility (i.e. the effect on quick-clay
formation). To be directly comparable, single criterion utility functions (Figure
8) were used to standardize all originally dissimilar criteria quantities into a
common 0-1 utility range. Here 0 was o fulfillment and 1 was optimal fulfillment of
individual model criteria (i.e. quick-clay prerequisites). For some criteria with
naturally occurring geographic trends, two functions were applied to specific
intervals to account for their spatial dependency. The criteria maps are shown

in Figure 9.
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Table 6. Quantification of criteria in the Stratigraphic potential for high groundwater flux

group.

Criterion

Data and processing

Clay thickness

Aquifer thick-

ness

Permeable layer

probability

Stratigraphic values from documented localities (SGU, 2012c; Klingberg et al., 2006)
were used for ordinary cokriging interpolation of clay thickness (Figure 9a) using co-

variate proxy information (i.e. proximity to bedrock outcrops).

Localities where the thicknesses of non-differentiated till or glaciofluvium (Figure 9b)
are known (SGU, 2012c; Klingberg et al., 2006) were interpolated with ordinary
cokriging and using the assumed covariates of stoss-sides and proximity to icefront
positions. Glaciofluvial deposits were not possible to distinguish from till deposits but
were here given a common permeability. First, lee and stoss-side deposits were as-
signed to areas where the slope aspect deviation is less than 15° from the optimum
orientation parallel with the prevailing glacial striae directions and the bedrock slope is
more than 7°. The prevailing ice direction was interpreted from glacial striae observa-
tions (SGU, 2012e). Proximal and distal distances to icefront positions were separately
calculated as a second sub-criterion. The two proxies for aquifer thickness were subse-

quently combined using weighting factors.

To predict the likelihood of permeable layers (Figure 9c) within the clay, areas were
defined where coarse-grained surface deposits (extracted from SGU, 2012a, b) are
exposed and likely vulnerable to reworking during shoreline regression, and where the
mid-Holocene (ca. 7 kyBP) stagnation in relative land uplift was significant (cf. Passe &
Andersson, 2005). Further, areas close to icefront positions were considered extra
susceptible for sand-layer formation. Such areas were modeled using a non-
symmetrical utility function to account for differences in the sedimentary environments

on the ice-proximal and the ice-distal sides, respectively.
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Table 7. Quantification of criteria in the Geomorphologic conditions promoting high
groundwater flux group.

Criterion

Data and processing

Flow accumula-

tion

Relative relief

Proximity to >2™

order stream

Flow accumulation (i.e. the accumulated number of DEM raster cells upstream from
any grid cell of interest; Figure 9d) was calculated from NLSS (2010) using standard
hydrologic tools within the GIS. The result reported is each raster cell’s available
catchment. Rivers and streams were excluded to get mainly the flow oriented trans-
verse to surface waterways. The available groundwater flow is assumed to follow the

topography and flow accumulation was used to quantify this.

A migratory, circular search window (r = 300m) was used to calculate the relative relief

(Figure 9e) within each ca. 0.28 km? circle from the DEM (LMV, 2010).

Hack’s stream order was calculated from a stream network dataset (SMHI, 2012) and

its utility is presented in Figure 9f.

Table 8. Quantification of criteria in the Relative infiltration capacity group.

Criterion

Data and processing

Distance to
sandy till out-

crop

Distance to
glaciofluvial

outcrop

Distance to

bedrock outcrop

The Euclidian distance (i.e. straight-line distance) from mapped, surficial sandy till units

(SGU 2012a, b) was calculated and is exemplified in Figure 9g.

The Euclidian distance (i.e. straight-line distance) from mapped, glaciofluvial units

(SGU 2012a, b) was calculated and is exemplified in Figure 9h.

The spatial extents of infiltration-prone deposits are often small enough to be excluded
even from the 1:50,000 maps of surficial deposits (SGU, 2012a). The distance to
bedrock outcrops (SGU, 2012a, b; Figure 9i) was therefore used as a proxy for these. A
handling similar to the two criteria above was used although the effective distances

used to define utility functions were shorter (cf. Figure 8).
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Table 9. Quantification of criteria in the Groundwater capacity group.

Criterion

Data and processing

Water capacity in

the lower aquifer

The groundwater capacities (Figure 9j) of rock and sediment were interpolated from ca.
72,000 well log records (SGU, 2012d) using ordinary kriging. No distinction was possi-
ble to make between bedrock and glacial deposit aquifer capacity. Only wells posi-

tioned with accurately <100 m were used.

Table 10. Quantification of criteria in the Time available for post-depositional processes

group.

Criterion

Data and processing

Time available

The time that a land area has been located above the present sea level was used as a
proxy for the time available for post-depositional, quick-clay forming processes (Figure
9k). The number of years was calculated using empirical equations simulating shoreline
fluctuations caused by eustacy and isostacy in the late Pleistocene and Holocene
(Passe, 1996; Passe & Andersson, 2005). Ordinary kriging interpolation of each neces-
sary term (except elevation; NLSS, 2010) preceded the full calculations covering the

whole area, and resulted in time above-sea-level maps.

Table 11. Boolean constraints

Criterion

Data and processing

Absence of
marine sedimen-

tary settings

Bedrock out-
crops and non-
susceptible

sediments

Areas above the marine limit (cf. Figure 9l) were not considered since leaching in
glaciomarine and marine fine sediments is the primary cause for quick-clay formation in
the area (cf. Larsson, 2010). The marine limit was interpolated from the literature
records (references listed in Passe, 1996) and a DEM (NLSS, 2010).

Areas covered by coarse glacial sediments were excluded (cf Figure 9m). Clay depos-
its may occur, in rare cases, beneath coarse glacial sediments in connection with ice
re-advances during glacial stadials, but these occurrences are believed to be of minor
importance. Note that sandy layers within the Holocene clay deposits develop much

later and are not part of this constraint.
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Figure 9. Spatial distribution of criteria utilities (a—k) where data were not available for
Norwegian tertitory or in areas unmapped with respect to sutficial deposits The areal
extent of high-utility areas of map k) is exaggerated. Boolean constraints are shown in 1
and m.
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3.1.5. Combining model components

All criteria weights and site-specific utilities were combined using Eqn. 6 in
ArcMap (ESRI, 2011) to obtain the overall utility, Ui, expressed in a unit-less
likelihood ranging from O (lowest) to 1 (highest).

U; = X(wju; - Tl ¢) ©)

Where wj is the weight constant for the ith criterion (relative to the problem
formulation and illustrating the single criterion’s relative importance) and w is
the normalized criterion score, utility, for the same criterion on the j* dimen-
sion (e.g. the degree to which the criterion is fulfilled at a specific site repre-
sented by a raster grid cell), while ¢j corresponds to the Boolean constraints in
Table 11. Uj is calculated for every pixel in the resulting raster map and is here-
after referred to as quick-clay susceptibility index (QCSI).

3.1.6. Adding the depth dimension

After the initial QCSI modeling (Paper 1I) the model framework was ex-
panded to include also the third dimension (i.e. depth). This was exemplified in
the Gothenburg region (Paper III) and in the Gé6ta idlv River-Slumpdn Stream
confluence area as part of Paper IV.

A very simplified stratigraphy with only clay, inter-layered silt or sand (as-
sumed when permeable layer utility >0.5; cf. Paper 1), and coarse grained gla-
cial drift (assumed when aquifer thickness utility >0.73) together with geologic
history gave four stratigraphic scenarios: 1) Clay directly resting on bedrock, 2)
Clay with glacial drift below, 3) Clay with inter-layered silt or sand at 15 m and
4) Clay with inter-layered silt or sand at 15 m and underlying glacial drift. The
sensitivity trends in each scenario were interpreted from the geotechnical data
(specified in section 3.1.7) and adapted for use as scale factor functions (Paper
III) that gave depth and scenario specific scale factors (5F,) which in turn al-
lowed for the transformation of QCSI into depth specific OCS1, and predicted
sensitivity (5%; Eqns. 7 & 8). The functions were compressed depth-wise when
clay thicknesses were small. A sensitivity of 5 was assigned to the ground sur-
face to account for near-surface processes lowering the sensitivity. SZcsris the
maximum site-specific sensitivity interpreted from the QCSI-model results and
the geomean + 10 function of Figure 15.
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QCSI; = QCSI - SF, )
Stp = StQCSI - SFd (8)

In the Gothenburg example of Paper III, 5% was calculated to populate
point sets (horizontal point separation 50 m) constructed for each 5 m depth
interval down to 80 m. In the Géta dlv River—Slumpdn Stream confluence ex-
ample (Paper IV) depth-specific 2D layers with a pixel size of 2X2 m and a
separation of 5 m. The lowest level studied here was 20 m which cover the
depth of most landslide scars locally. All calculations combining QCSI, QCSI-
sensitivity relations and scale factor functions were done using ESRI®
ArcMap™ 10 (Arclnfo licence) while model results were presented in 3D using
ESRI® ArcScene™ 10.

3.1.7. Result validation and verification

The model outcomes were compared to archive results from fall cone ana-
lyzes made on core samples taken from varying depths by standardized Swedish
piston corers (ST II type). Rather than to core and sound new sites within the
project, extensive work was put into digitalizing and synthesizing geotechnical
information from existing documentation. Most sensitivity analyzes (including
remoulded shear strength data) used in model testing were commissioned by
the Swedish Transport Administration, including its predecessors, and executed
by consultant companies, mainly preceding construction work on roads E45
and E6 and the adjacent Norge—Vinerbanan railroads (§J, 1989; VV, 1997,
2002, 2004, 2005 a & b, 2006 a—g, 2007 a—d, 2008 a—d, 2010); BV, 2002, 2008).
Additional sensitivity data from investigations in the G6ta dlv River valley (SGI,
2012b, ¢) and in the city of Gothenburg (Gatubolaget, 2008) were used alt-
hough to less extent. The archive data from the sources specified above were
chosen as they cover both the valley central and valley marginal settings and
thus coincide with different sedimentary settings where the conditions for the
development of quick clay vary (cf. section 4.5).

To test the model’s predictions against known sensitivity values the samples
were classed and plotted separately. For the 2D case, only the maximum sensi-
tivity recorded (57 13 to 707) in each of the 392 studied sediment cores (alto-
gether >2,800 sub-samples) was used for comparison.

In 3D model applications, locally available comparison data (e.g. BV, 2008
& SGI, 2012b, ¢) for 1-5m depths interval were used. The G6ta ilv River—
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Slumpin Stream confluence area was studied more carefully as part of paper IV
by using geotechnical documentation spanning over the last 50 years and ERT
profiling. Seismic reflection records (Malehmir et al., 2012; Klingberg et al.,
20006) complemented the picture of the ground conditions, as did utilization of
geophysical methods, as described below (sections 3.2 and 4.5) and in paper L.

Receiver operating characteristics (ROC) were originally developed to test
the performance of models for military applications and later adopted for med-
ical and a wide range of other research purposes (see Fawcett 2006, for review
and methodology). A ROC curve describes the relation between the two key
characteristics: sensitivity and specificity for possible cutoff values (Figure 10
and Eqns. 9 and 10). Sensitivity, in a ROC context (ROC-sensitivity hereafter),
is sometimes referred to as true positive rate or hit percent, while specificity is
also known as true negative rate. In ROC curve construction specificity is
commonly represented as false positive rate (i.e. 1-Specificity). Further, the area
under the ROC curve is often used to indicate model success rate and to com-
pare between competing models. Here, ROC analysis was used to test the
QCSI model’s ability to discriminate between clay with sensitivity values over
or below 50 given geotechnically described samples (see section 3.1.7) and the
entire QCSI range as potential thresholds. Specificity and ROC-sensitivity cor-
respond to correctly classified, non-quick clays and quick clays, respectively.
The SPSS Statistics 20 software (IBM, 2011) was used for calculating the sensi-
tivity, specificity and related statistics.

Observed quick clay

Positive Negative
$
>E True positive False positive
S 8 (TP) (FP)
< o
(%]
S
T
]
3
Lo
$ 2| False negative | ti
Q= (FN) rue negative
e (TN)
z
Ptotal Ntolal

Figure 10. Confusion matrix defining the four possible states used for the ROC prediction
(modified from Persson and Stevens 2012).
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Finally, the distribution of QCSI relative to the sizes and geometries of
known quick-clay deposits (e.g. from SOU, 1962) and landslide scars (SGI,
2011) indicating quick-clay presence were then less formally compared.

3.2. Electrical resistivity tomography

Continuous electrical resistivity sections were measured using ABEM SAS
4000 and ABEM LS Terrameter instruments and multi-electrode Gradient,
Wenner and Dipole array protocols (Paper I), typically resulting in approxi-
mately 200 data points per 100 m of measured section. The electrode spacing
was varied between two and five meters. Induced polarization (IP) was meas-
ured as a complement at one locality. Inversion of measured resistivity and IP
pseudo-sections were done mainly using the robust L1 norm in Res2dInv 3.59
(Loke, 2010) for sharp geological contacts and smooth modeling for salinity
variations in clay porewater. Some complementary refraction seismic surveying
was done using ABEM Terraloc Mk6 and Mk6 v.2 multi-geophone acquisition
systems. Locally available geotechnical information (specified in paper I) was
used for model validation, calibration and to support the interpretations of
geophysical data.

3.3. Type-setting classification

Accessible information on stratigraphy, quick-clay susceptibility, leaching
trends, shear strength vatiations and hydrogeology from modeling, geophysical
surveying, literature and geotechnical records were used to define quick-clay
type settings. These illustrate the conditions and processes under which quick
clay form without the technical complexity of the MCE modeling. Also other
variations in geotechnical character that can relate to geological and geomor-
phological circumstances were addressed within the framework of type settings.
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The type settings were also used to compare the Swedish quick-clay occut-
rences with similar deposits in the St. Lawrence lowlands in Canada, mid-
Norway and southern Norway (Paper V).

3.4. Landslide retrogression potential

To effectively take advantage of the components described in sections 3.1-3.3,
a partly new slope stability classification scheme was suggested (Figure 11; Pa-
per IV) and demonstrated in the G6ta dlv River—Slumpan Stream confluence,
where previous investigations (e.g. SGI, 2012¢) have produced good documen-
tation. This scheme combined the current mapping strategies used by sub-
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Map 1A (MSB, 2010).
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Figure 11. Swedish stability mapping strategy (MSB, 2010) with proposed model-driven
refinements.
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contractors under the Swedish Civil Contingencies Agency and the 2D and 3D
versions of the QCSI model from this work. By looking for areas that are of
low initial stability (MSB class 1; MSB, 2010) and overlapping high QCSI val-
ues, the MSB class 2 was redefined and sub-divided to include the varying po-
tential of areas to be involved in secondaty landslide developments.

4. Results

The results from papers I-V and an eatlier, research project report (Persson
and Stevens, 2012) are briefly summarized. The interested reader is referred to
the full papers and the report for additional details.

4.1. Quantity and position of quick
deposits

The importance of stratigraphy for quick-clay formation is clear, especially if
the details of individual sites are considered. The effect of permeable layers
within the clay sequence has an exceptionally high, modeled weight (38%),
reflecting its strong impact on the clay shear strength properties. This impact
decreases with distance from such layers, but can often be distinguished in
geotechnical soundings up to 10 m from the stratigraphic contact. Other crite-
ria of strong impact are Relative relief (13%) and Distance to glaciofluvial deposits
(12%). The two criteria of the least importance of those modeled are Distance to
bedrock (1.9%) and Agquifer thickness (4.2%).

The majority of the investigated land area (81 %; Figure 12) is characterized
by bedrock, sediment unlikely to cover clay, or situated above the marine limit,
and therefore lacking quick-clay susceptibility. Of the remaining 19% of the
land area very high QCSI (>0.40) prevail for ca. 5%. These conditions occur
predominantly in the central Bohuslin province and in the G6ta dlv River valley
and parts of its tributary valleys as well as in parts of the Virmland and Ska-
raborg provinces, chiefly in areas below the ca. 7 ka shoreline. QCSI and quick-
clay deposits are limited to the south, east and north by the shortage of late-
Pleistocene and Holocene marine sequences. Also, in the Dalbo and Vara areas,
west and south of Lake Vinern, respectively, the low relief is associated with
low leaching effects.
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The 3D model results (Figure 13) show that in certain, favorable stratigraph-
ic intervals the sensitivity values are frequently over ten times or more of the
original background sensitivity of normal clay in the Gothenburg area (i.e. Sz =

Constrained area

Data not available
QcCsli

- 0-0.30
|:| 0.30-0.35
- 0.35-0.72

Figure 12. Regional map of QCSI values presented for demonstrative purpos-
es. At this map scale, practical use should not be attempted.

20 Kilometers
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15-25). Areas with clay directly resting on bedrock are characterized by only
small deviations from the background sensitivity and are only rarely quick. The
thickness of the affected volume is greatest where clays overly glacial drift,
while the highest sensitivity values are reached next to sand inter-layers. In the
latter situation, the sensitivity maxima tend to be below the layer. In this posi-
tion the vertical component of pressure gradients related to the layer and over-
pressure effects from the drift aquifer beneath potentially interacts to amplify
leaching influences.

Using the modeled spatial and stratigraphic distribution of QCSI and trans-
formation to corresponding sensitivity values using a simple equation (Figure
15) for the ~8.5 km? of clay sediment represented in the Gothenburg area,
approximately 70% of the geographic points in clay areas that have a sensitivity
of over 50 somewhere at depth. If the sample distribution of Figure 12 and
Figure 17 is considered then the proportion corresponds to ca. 50% which still
is, for reasons given in section 5, an overestimation. If instead the function
based on geometric mean of samples in Figure 15 is used, a more moderate
28% of points are predicted to be quick. In either case, the upper 5-15 m depth
interval is suggested by the model to contain a majority of all quick data points.

A similar 3D QCSI framework, although with a larger amount of empirical
inputs was utilized also in the Géta dlv River—Slumpén Stream confluence area.
The frequency of high very high mid-valley sensitivity values (sometimes >600)
is explained by a locally occurring clay interlayer likely composed of fine sand.

Frihamnen harbor

Sensitivity

Scale factor 30 e
®  0125-0291 . ¢ a5 = e 15-50
. - 40 >
o 0291-0514 45 & e 50-100
; 50 K
0.514-0.764 . = 100 - 200
0.763-0.873 o o 200 - 300
e 0.873-1.00 75 ®  300-650

Figure 13. Layered maps of scale factors and sensitivity predictions derived from QCSIq4
(modified from paper IIT). The topography of each layer is represented (only slightly
visible) on the vertical scale for orientation. The spacing between layers is exaggerated.
The spectator view is toward the northeast. Maps are presented only for demonstrative
purposes. At this map scale, practical use should not be attempted. A separate more
detailed example is given in Figure 14.
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Figure 14. A area (the Goéta ilv River-Slumpan confluence area) selected to illustrate
detail of predicted 3D quick-clay extent that would not be visible on the scale of Figure
13. Practical use should only be attempted by experienced users with insight into the
nature of the model (including its strengths and weaknesses).

Also the northeastern parts of the study area have been exposed to extensive
leaching with correspondingly high sensitivity values although here related to
groundwater movement in and near the sub-clay aquifer.

4.2. Model reliability

Model testing was focused largely on validating QCSI relative to geotech-
nical data. Model performance is summarily presented here while more discus-
sion is given in section 5 and in Papers 1I, III and IV. The additional result
comparisons between QCSI and ERT are presented separately in section 4.4

(below).
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All known quick-clay areas except for those in the central valley setting at
Slumpan are closer than 400 m to areas of very high QCSI (>0.5). Areas of
generally high QCSI (Figure 12; Paper II) are consistent with documented
quick-clay areas in Smdrdd (survey references listed in section 3.1.7), at
Hogstorp (Andersson-Skold et al., 2005), in the Vesten—Intagan stretch along
the Gota dlv River immediately north of the Slumpédn confluence (SOU, 1962;
SGI, 2012a), at Utby west of the same confluence (Séderblom, 1969; 1974) in
the Gota—Lilla Edet area east of the Go6ta dlv River (Séderblom, 1969; 1974 and
survey references listed in 3.1.7.), Ellesbo on the western side of the Géta ilv
River (S6derblom, 1969; 1974), in the Surte—Agnesberg area (SOU, 1962; An-
dersson-Skold et al., 2005), in quick-clay areas documented in conjunction with
landslide events along the Goéta dlv River valley (SGI, 2011) and inside and
surrounding the Tuve landslide area (Cato, 1981).

Empirical information and modeling results are less in agreement in the low-
QCSI-high sensitivity areas in mid-valley locations of the Goéta dlv River—

700 - :

600 -
> 500 - « All samples
2
®
& 400 -
- O Sensitivity geomean within
3 0.05 QCSl intervals
8 300 - y= 11.03e5-1265x
) R?=0.9531
14

0 Sensitivity geomean + 10
200 - within 0.05 QCSl intervals
y =-496.08x% + 1088.9x - 114.44
R?=0.9098
100 - @ Sensitivity geomean + 20
. within 0.05 QCSl intervals
.. y =-1683x2 + 2283.8x - 252.71
0 : i : R?=0.8794
0.00 0.20 0.40 0.60

QcCsl
Figure 15. Distribution of sensitivity results from laboratory fall-cone test records vs.
QCSI. The correlation coefficients values (R2) using both individual sensitivity observa-
tions and geometric means of sensitivity values within 0.05 QCSI intervals are indicated
(reprinted from Paper III).
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Slumpin Stream confluence. This is likely due to underestimated importance of
a local permeable layer, further discussed in Paper IV. In the Léd6se area, poor
agreement may be due to dispersants in the soil (Séderblom, 1969). Model revi-
sion with additional data is the ideal approach to such issues, as is illustrated for
the Slumpan example (section 4.3).

In detailed comparisons to geotechnical core sample data it is clear that me-
dium sensitive samples are concentrated toward the lower QCSI range (<0.20)
while quick samples are at the other end of the scale (>0.30). High-sensitive
samples (which by SW Swedish standards are quite modest) are the most com-
mon and plots over the entire QCSI interval.

The stratigraphic scenarios used for the 3D modeling (Figure 16; Paper 11I)
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Figure 16. Sensitivity distribution trends for stratigraphic scenarios from geotechnical
records. Grey points = all comparison data, black points = geometric mean + 16 for 5
m depth intervals. Simplified from Paper III, where line equations values are given.
Note that the vertical scale (Sz)is different in b).
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show a similar scattered distribution of the unclassed sensitivity data and a
much better correlation for the QCSI-classed population.

Based on the geographic distribution of individual QCSI classes (Figure 12)
and their class-wise distribution of sensitivity (Figure 17), it is predicted that ca.
3000 km? of southwestern Sweden contain quick-clay deposits at some depth
interval. Low-sensitive samples (57 <8) have only exceptionally been document-
ed and have never been the predominant sensitivity class in any of the cores

100% 1 — = o
80% - B
60% - —
40%
20%
> I@I@I@QI%"DI@I@I@I

Normalized share

0% T T

Q- Q- Q QF Q NN QF Q° Q- Q- Q-
5 & = & o & = S o $ P
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OMedium sensitive (<30) O High sensitive (30-50) ®Quick (>50)

Figure 17. Normalized distribution of observed sample sensitivity class per QCSI class
(modified from Paper III).

studied. Approximately half of the sample population qualifies as quick clay.

The QCSly relationships with some geotechnical parameters (i.e. 57 5., WL
and quasi-liquidity index) are shown in Figure 18. Common for all these com-
parisons is that there is a rather large scatter of data that will diminish if QCSI
values are classed (e.g. in 0.05 intervals) with subsequent geometric mean calcu-
lations for each class. The correspondence between QCSI and parameters are
best for 57 (R?>0.96)
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Figure 18. Regionally derived QCSIy compared to a) sensitivity (5z), b) remoulded un-
drained shear strength (5,,), c) liquid limit (W;) and d) quasi-liquidity index, all of which
have eatlier been linked to landslide retrogression developments. R? values are for the
geometric mean + 16 populations. Data references are given in section 3.1.7.

The area under the ROC curve for the full model is close to 0.73, which to-
gether with the asymptotic significance suggests a model that performs consid-
erably better than guessing. Using the Swedish quick-clay definition, ~75 %
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correctly classified quick samples are reached at a 0.28 QCSI cut-off (Figure
14). At the same QCSI threshold ~63 % of the non-quick samples are correctly
classified. Notches in the ROC curve is inherited from that each line segment is
produced by two, by QCSI, nearby samples of varying sensitivity.

4.3. Landslide retrogression potential

Large parts of the Géta dlv River—Slumpén Stream confluence area are sus-
ceptible to landslides (cf. Figure 5d) and quick-clay occurrences have been doc-
umented, e.g. by SGI (2012b, c) and the Swedish Road Administration (VV,
2007d & 2008b). Landslide scars are focused to the lower reach of the Slumpén
Stream. Several of these (where the largest is ca. 300,000 m?) have a bottle-
necked morphology typical of quick-clay flow slides with a highly remoulded
sediment with very low residual strength. The local QCSlq modeling (Figure 14)
and stability evaluation together imply that the potential for landslides to prop-
agate is high. Even with poor overall stability, the worst initial conditions are
along the lowermost Slumpén Stream banks, while landslide retrogression is
mostly expected in the orange areas denoted 2! (cf. Figure 20).

Stability class
-

21
22
23
s

Landslide scar
>30,000 m*

0 1000 Meters

Figure 20. Landslide hazard map over the Géta élv River—Slumpan Stream confluence
area derived by combining the current mapping praxis (MSB, 2010) with the QCSI re-
sults (Figure 17) so that the original stability class 2 (i.e. areas that could be secondary
affected by landslide propagation) is expanded to include 21, 22 and 23, all with varying
possibilities for landslide propagation. Class 1 = areas where initial landslides can occur;
class 3 = solid ground, mainly bedrock or till outcrops.
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4.4. Resistivity of some SW Swedish sites

Seven electrical resistivity sections (five from Paper I and two unpublished)
that illustrate different characteristics (e.g. stratigraphy and leaching effective-
ness) of the sedimentary type settings (Paper IV) are shown in Figure 21. In all
of the studied sites there is an upper, <7 m leached zone where clay resistivity is
relatively high (p~10-100 Qm). It is also evident that in thick sequences (>40
m), there is a central zone with resistivity very close to that of seawater (p~1

Bellevue, Gothenburg, 400x70m Kahogs gard, Partille, 400x70m

Hjartum, Lilla Edet, 400x70m Torpa, Trollhattan, 280x45m

Agnesberg, Gothenburg, 400x75m Earth Science Centre, Gothenburg,

80x12m

Lindome church, Méindal, 200x13m

Inverse model resistivity section

CIC I ] [ [ [0 [ () () ) ) B B .
0.250 1.00 4.00 16.0 64.0 256 1024 4096
Resistivity in Qm

Figure 21. Resistivity sections. Dimensions are given in the format: Section length x
Maximum depth penetration. Note the vertical exaggeration.
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Qm). All locations have a lower zone, often approximately 10 m from the till or
bedrock aquifer and up, where resistivity values are comparable to the upper
zone. Although the permeable interlayers are too thin (often <0.1 m thick) to
be resolved by resistivity measurements the leached zones related to them are
visible as high-resistivity areas in the resistivity sections. These often stretch
from 10 m above to 10 m below the permeable layers. These conditions occur
in the Torpa and Kdhog sections where QCSI values are low (<0.25). Quick-
clay formation by leaching in these two sections is considered unlikely to have
occurred. This is further supported by geotechnical documentation (VV, 2008b;
BV, 2002). Quick clay has, on the other hand, developed close to the resistivity
sections in conjunction with coarse glacial sediments and related permeable
layers within and below the clay deposits. The Hjirtum, Agnesberg and Belle-
vue sections have higher resistivity, for the most part coinciding with values
common for quick clays (cf. Lundstrém et al.,, 2009). The QCSI values here
follow the general resistivity trends and are mainly over 0.30. Both the Agnes-
berg and the Lindome sections imply extensive leaching near the icefront de-
posits and then successively higher porewater salinity with increasing distance.

4.5. Quick-clay type settings

A classification of type settings for quick-clay development is based upon
their varying hydrogeological and leaching character (Figure 22). It is favorable
for this classification that the common range of stratigraphic conditions and the
number of processes involved are conceptually limited (Figure 23). The first
three settings (Areas with significant coarse-grained glacial drift deposits, Wave exposed
areas and Valley-marginal sites and narrow valley settings; sections 4.5.1-4.5.3) are
characterized by effective groundwater pathways (cf. Lefebvre, 1996) and leach-
ing. For this reason, the clay sensitivity values often significantly deviate from
that of unaffected clay (§#~20), where S7 >100 and, in extreme cases, S# >600
are observed. The high sensitivity values are largely due to very low remoulded
shear strength, occasionally below the feasible detection limit of ~0.06kPa.

The fourth type setting (Central valleys and lowlands; section 4.5.4) has low to
moderate potential for quick-clay formation. Medium and high sensitivity val-
ues can be expected in most of the stratigraphy, while quick and low sensitive
clay are more exceptional.

58



PART 1: SUMMARY
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Figure 22. GIS workflow and geographic thresholds for classification of quick-clay type
settings (reprinted from Paper V).
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Figure 23. Hydrogeologic features and processes that vary between the type settings
described above (modified from paper V).

4.5.1. Areas with significant coarse-grained
glacial drift deposits

Several quick-clay prerequisites are well represented in the two principal
sub-types of this setting: glacial stoss-side valley positions and icefront posi-
tions.

In the icefront case, both the ice-distal and ice-proximal sides of moraines
are often associated with relatively thick drift deposits (alternating sandy till and
glaciofluvium). The drift can be in direct contact with surficial and buried water
sources. Infiltration occurs in the coarse sediments, which usually have at least
five orders of magnitude higher permeability than the homogenous clay upward
in the stratigraphy. Effective groundwater pathways associated with the lower
drift aquifer favor high groundwater fluxes and extensive advective leaching of
the originally matine porewater in adjacent clay deposits. Quick-clay deposits
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related to this setting are often landslide prone, especially where moraines and
the related sensitive deposits are intersected by river and stream erosion and
where initial slumps may set off retrogressive landslides. The icefront sub-type
is exemplified by the Agnesberg area, which is ice-distal to the Gothenburg
Moraine, just south of the Angered Bridge. The local stratigraphy and a high
relief assure groundwater flow through the underlying aquifer and artesian con-
ditions that affect the ovetlying clay. With distance from the former icefront
clay sensitivity gradually decreases from S7 >200, reaching a non-quick, medium
to high sensitive background value (§7 ~25), ca. 700-1000 m south. Further
technical details of the area are given by SOU (1962), Larsson et al. (1994), BV
(2008), Schilin & Tornborg (2009) and SGI (2012b, ¢).

Stoss-side deposits occur where glacial movement impinged on topographic
obstructions, causing basal melting and release of debris carried by the ice.
Drumlin formation in SW Sweden is often due to stoss-side deposition (Hille-
fors, 1969; Davidsson, 2005). These deposits may facilitate infiltration and pro-
vide the groundwater pathways beneficial for quick-clay development in a man-
ner similar to the ice-front sub-type. Leaching is most effective in the clay di-
rectly overlying and, to some extent, confining coarse drift aquifers. Landslides
involving quick clay in these areas are generally rare but may occur where local
erosion is active or where redesign of slopes has occurred (cf. SHK, 2009).
Quick clay is documented in individual geotechnical sections of this type of
setting. The stoss-side setting is exemplified by the area between the Hjirtum
village and the G6ta dlv River. The village itself is built on the Hjartum drumlin,
where sandy till is abundant (Hillefors, 1969; SGU, 2012a). The effective
groundwater movement, typical of the type setting, resulted in extensive leach-
ing of porewater cations and low electrical resistivity in the clay deposits. The
stratigraphy, stability conditions and landslide history of the area are known
from geological, geotechnical and geophysical fieldwork (Frédin, 1919; Kling-
berg et al., 2006; and Karlsson, 2011; Lofroth et al., 2011; SGI, 2012a-c).

4.5.2. Wave-exposed areas

At many sites, the local topography allowed extensive wave re-working of
coarse deposits (e.g. till) on nearby slopes during the emergence. Re-deposition
of silty-sandy material at lower elevations within or on top of the clay sequence
was especially favored during virtually stagnant or slow regressive shore-level
episodes, primarily at about 7 ka. This sea level corresponds to topographic
levels ca. 20 m a.s.l. in the Gothenburg region and increasing northward to ca.
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50 m in Strémstad near the Swedish—Norwegian border). There is a general
increase of wave exposure northwards in the study area, although some areas
further south have also been significantly affected. Effective groundwater flow
will later be partly dependent on the possible connectivity of the interbedded
layers with other permeable deposits or with the stream bank. Groundwater
flow in permeable layers facilitates the removal and exchange of cations neces-
sary for quick-clay formation. The landslide susceptibility of this setting is high
since the hydraulic pressures within the permeable layers also promote landslide
activity. Stream proximity further increases the risk for unstable slopes and
mass wasting processes.

An example of this type setting is found at the Géta dlv River-Slumpan
Stream confluence. Infiltration occurs in the sandy till, exposed mainly in high-
er-lying areas (Hillefors, 1969; SGU, 2012a) and near minor ice-front positions
mapped by Fredén (1984). In this area, inter-clay, permeable silt and sand layers
allow groundwater transport. Local brittle deformation zones may further in-
crease the groundwater fluxes of the area (SGU, 2010). The extent of quick
deposits is commonly limited to clay volumes within a 10 m stratigraphic dis-
tance from the permeable materials. The stratigraphy and geotechnical charac-
ter have been dissected by Klingberg et al. (2006), VV (2008b) and Malehmir et
al. (2013). Landslide scars are locally very common (Frédin, 1919; Jirnefors,
1958 Viberg, 1982).

4.5.3. Valley-marginal sites and narrow valley
settings

Several hydrogeological and sedimentological characteristics of this type set-
ting promote quick-clay formation. First, the generally limited clay thicknesses
can allow the stream erosion to reach coarse glacial sediments and increase
drainage to groundwater pathways. Second, both leaching and cation diffusion
will be more effective in relatively thinner clay sequences. Third, high local
relief results in high-pressure gradients and can induce artesian flow. Fourth,
the valley geomorphology favors icefront and stoss-side sedimentation as well
as glacial meltwater-channels, so that conductive coarse deposits are common.
The setting can coincide with type 1 setting, but this type setting help detect
icefront or stoss-side deposits not identified on geological maps. Fifth,
groundwater flow is focused where valleys converge and can be expected to
accelerate leaching. The entire clay sequence may be affected by quick-clay
development. There is generally a high likelihood for quick-clay deposits to
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occur and for these to be involved in initial slumping because quick clays here
are often located at shallow depths and relatively close to streams.

The Bellevue area, located north of the Sivedn stream in eastern Gothen-
burg, exemplifies this type setting. A small hill (Officerskullen) with bedrock
exposure is located centrally in the area, where the Sivean valley is relatively
narrow. Clay deposits, which are up to 50 m in thickness, overlie ca. 30 m of
glacial drift material. This great thickness is, in SW Sweden, almost always asso-
ciated with icefront and stoss-side accumulations. Officerskullen and a neigh-
boring bedrock hill focus groundwater flow along pathways that are in contact
with the clay. Quick clay has predominantly developed here on the western and
northern sides of the Officerskullen. Further details on sedimentary conditions
are given by Stevens (1986) and Karlsson (2010). Geotechnical surveying has
been done preceding recent construction (Gatubolaget 2008).

4.5.4. Central valleys and lowlands

This low-relief type setting differs from all the others in that it aims at defin-
ing areas with lower than normal quick-clay susceptibility. Several paleogeo-
graphic, geomorphologic and geochemical conditions may impede quick-clay
development. Quick clay forms less efficiently here because both continuous
permeable deposits and high hydraulic gradients are less common. Leaching by
downward infiltration of freshwater (as reported from eastern Canada by Tor-
rance, 1988) might be the dominating leaching pathway in places but is inter-
preted to had only minor impacts on sensitivity values and the remoulded shear
strengths of samples used for our comparisons. Sensitivity values are common-
ly below 30. The highest sensitivity values typically occur at depth, overlying
drift deposits, or near the surface, immediately below the dry-crust. Undis-
turbed shear strength increases with depth from ca. 10 kPa near the surface to
over 100 kPa at great depths (>60 m). The remoulded shear strength ranges
from near 0 to about 10 kPa. The landslide susceptibility is very low for the
most part. Locally (e.g. south to southwest of the Vistg6ta plateau mountains),
carbonate rich sediments may occur and impact on both the extent of floccula-
tion and the sediment water geochemistry, consequently affecting the sensitivity
ratio.

Low relief characterizes the main part of the area south of Kahogs farm, ca.
10 km east of Gothenburg in the central Sivedn stream valley. Medium sensi-
tive clay predominates and quick-clay deposits are limited to areas very close to
glacial drift outcrops (SJ, 1989; BV, 2002). A resistivity section from the valley
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center indicates resistivity close to that of sea water (Persson & Stevens, in
press). Previous landslides and occasional quick-clay deposits are known from
the areas east and south of Kahog (], 1922; SGI, 2011).

5. Discussion

The dynamic nature of quick-clay formation is a spatiotemporal problem,
where leaching and other processes as well as time need to be considered.
Quick clay forms from clays with a low or medium sensitivity at varying rates.
Factors influencing the rate of formation include the anisotropic nature of stra-
tigraphy (i.e. groundwater regimes and leaching pathways) and the varying de-
grees of post-depositional processes altering the absolute and relative cation
contents. A background sensitivity of 20 is assumed to reflect clays unaffected
by leaching. The geotechnical comparison data used in Papers II and III is
based on this value, and is comparable to that observed in samples from south-
ern Norway (Bjerrum, 1954). The criteria weights (Figure 7) give a general pic-
ture of the importance of the individual criteria. Although initially based upon
expert judgment, their subjective character is limited by comparison with em-
pirical data from geotechnical soundings and by the refinements to achieve
consistency in the overall model results.

Due to the high variability in sensitivity over short vertical and lateral dis-
tances and the resolution and accuracy of the current 2D model it is not sur-
prising that there is a very low correlation when considering the entire geotech-
nical comparison dataset (R?<0.2). Consistent with separate observations made
by Talme et al., 1960), at least one order of magnitude change in sensitivity can
be expected between adjacent cores separated by <100 m in the same strati-
graphic unit or <10 m stratigraphically. However, the regional 2D QCSI model
intends to predict the most representative sensitivity values for the conditions
at a particular site. If model results are correlated using the average sensitivity
for all sites within 0.05 QCSI intervals (sites with relatively similar conditions),
then the correlation coefficient is very strong (R2=0.9).
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Table 12. Characteristics of model QCSI classes (modified from Persson & Stevens,
2012).

QCSI Description Typical Typical Area (of "True 'False
range St S.r(kPa)  totalland  positive positive

area) rate rate
0.0 No potential for quick-clay - - 81% 1.0 1.0

formation. Area consists of bare
bedrock, sandy till or other
unsusceptible sediment.
<0.20 No to very low potential for 10-30 >0.8 <1% 0.99 0.78
leaching and quick-clay for-
mation. Porewater salinity is still
often marine or near-marine.
0.20- Low potential for effective 15-30 0.8 2% 0.87 0.48
0.25 leaching and quick-clay for-

mation. Marginal quick deposits

may occur.
0.25- Intermediate to high degree of 30-50 0.5 6% 0.62 0.30
0.30 leaching expected. Quick clay

exists in parts of the area.
0.30- High probability for leaching clay =~ 30-100 0.25 6% 0.34 0.15
0.35 to quick behavior.
>0.35 Very high degree of leaching 15-200 0.12 5% 0.01 0.00

and other post-depositional
processes related to groundwa-

ter flow.

1If upper end of the QCSI class is used as ROC cut-off (cf. section 3.1.7).

QCSI model results and the application of these in the LRP mapping have
importance as a methodological development and for initial ground characteri-
zation. Although the model successfully discriminates between clays of varying
sensitivity in a regional context, site-specific interpretations are relevance only if
the modeling framework and its limitations are kept in focus. A number of
uncertainties need to be considered, for instance:

1) Clay disturbance during sampling, transport and storage general-
ly lower the in-situ sensitivity to values later determined in the laboratory (e.g.
Lessard and Mitchell, 1985; Bjerrum and Lo, 1963 and Séderblom, 1969). Simi-
latly, unrecognized clay disturbances in the field related to landslides that have
transported and remoulded the most sensitive clays may explain several of the
high-QCSI areas where geotechnically documentation indicates low sensitivity
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values more typical of non-leached clay deposits (e.g. in known landslide locali-
ties in Smardd and in parts of the Gota dlv River valley).

2) Non-continuous sampling is common practice, resulting in sen-
sitivity analyzes only at selected levels (i.e. every 1-5 m). Some critical levels,
such as depths directly overlying permeable strata may be missed.

3) Clay leaching may be counteracted by the secondary supply of
bivalent cations (e.g. Mg?*), for instance from vadose zone processes, fossil
dissolution or weathering of Ca-feldspars or other crystalline rock components.
This can maintain or even improve the original clay shear strength characteris-
tics. These or similar processes have been reported from the Ottawa valley
(Canada; Torrance, 1979), Drammen and Buvika (Norway; Moum et al., 1971;
1972; Solberg pers. comm. 2010) and modeled using SW Swedish input data by
Suer et al. 2014. However, the rates and means of the processes that impede or
reverse quick clay ate generally less understood than the ones forming quick
clays.

4) The omission of certain criteria in modeling has been unavoida-
ble (cf. Table 4). Local conditions naturally deviate to some degree from the
general assumptions in the regional modeling. Both sources of error can moti-
vate further effort for data improvement and revision of the criteria involved.

5) AHP procedures have been criticized for rank reversal problems
(e.g. Belton & Gear, 1982) and for subjective derivation of weights. The meth-
od benefits, which I consider outweighs the drawbacks, are often summarized
by its transparent structure (allowing model refinement), the opportunities to
use most any kind of data or information (including empirical observations,
expert judgment and belief) and the user’s ability to adapt the model to differ-
ent purposes.

Future model revision and improvement will need to consider these and
other uncertainties, but the natural geographic and stratigraphic variability of
sensitivity values suggests that modeled results need to be connected to the
goals and conditions of that modeling, and not over-interpreted. Refinements
could also involve the balance of advection and diffusion within different hy-
drogeological scenatios, leading to a better specification of rates and predicted
leaching effects.

The 3D modeling includes basically the same strengths and weaknesses as
its 2D counterpart. Incorporation of empirical information seems like the best
improvement for the highly variable settings. This will require increased digital-
ization and distribution of existing and new datasets, preferably including 3D
coordinates (cf. Rydell & Oberg, 2013).
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In selecting a suitable QCSI threshold for practical applications it is im-
portant to recognize that this cutoff value is a trade-off between correctly clas-
sified quick clays and areas wrongfully designated as quick clay. A low threshold
is appropriately chosen if the risk tolerance in a specific project is low (e.g.
high-consequence decisions). ROC analysis can be used as the judgment basis,
ideally within a local modeling context (cf. Persson and Stevens, 2012). The
sensitivity estimates presented in this work (Figure 13) were derived using the
regression line equation for the geometric mean + 1o, considering the low tol-
erance for incorrect decisions regarding quick-clay occurrences.

The most obvious practical application of model results is toward improving
the current Swedish method (MSB, 2010) for slope stability zoning. This is
achieved by increasing the quick-clay considerations at an eatly stage. This is
most often the stage when large areas need to be evaluated cost-efficiently,
which is a main strength of the QCSI model. In preparation of the geotechnical
database used in Papers I-V, it was observed that a high sensitivity is largely
caused by low remoulded shear strength in SW Swedish clays, as has been not-
ed previously and elsewhere (e.g. Bjerrum, 1954). Sensitivity, remoulded shear
strength and liquid limit have in common that they are all affected by leaching
and can, thus, be predicted by using QCSI methods. All of these parameters
have also been correlated to the sizes of landslides (Mitchell and Markell, 1974;
Larsson et al., 2008; L’Heureux, 2012). Recently, the participants of the 7+ Inter-
national Workshop on Landslides in Sensitive Clays (2013) favored either a remould-
ed shear strength of 0.5-1 kPa or a high liquidity index for defining sensitive
clays. In Sweden, the plastic limit required for quantification of the liquidity
index is only rarely measured. The Swedish Geotechnical Institute has devel-
oped a simplified, quasi-liquidity index (quasi-Irc = Wx/Wi; cf. Ahnberg et al.,
2013) that correlates both to liquidity index and to QCSI. Several other parame-
ters more directly related to the clay’s ability to flow or the energy needed to
achieve a fully remoulded state (e.g. rapidity and quickness) have been proposed
(S6derblom, 1983; Thakur and Degago, 2012). Such parameters could, especial-
ly if a sufficient quantity of empirical data is developed, also be included in
future LRP mapping.

QCSI and LRP model results can be particularly appropriate in cases where
new soundings and analyzes are too demanding because of time, cost or safety
aspects (e.g. in initial land-use planning, forested areas, acute safety assessment
in landslide area evacuation or with an imminent landslide risk). Also, a struc-
tured approach to cross-borehole interpolation can motivate using the model
results even where geotechnical data coverage is good. In any application,
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communication of the methodological limitations is necessary to assure proper
use.

When applied, modeling will likely increase the number and size of areas al-
located for further, more advanced studies (cf. Skredkommisionen, 1995) espe-
cially when a large safety margin is desired (i.e. where society’s risk tolerance is
low). Costs associated to this increase can be partially balanced by a decreased
need for sounding and coring. The overall landslide threat will be better speci-
fied because several criteria involved in quick-clay developments also impact on
the initial slope stability. In particular, the modeled parameter permeable clay
interlayering is very often associated with friction reduction and landslide initia-
tion.

Modeling similar to QCSI could be applied to tackle also other geotechnical
problems where different stratigraphic structure is important (e.g. settlement or
bank erosion). Water resource and environmental issues often focus on
groundwater movement and contaminant spreading in clay, permeable layers,
sandy till or glaciofluvial aquifers. Since stratigraphic modeling is seldom at-
tempted in highly variable glacial terrains, such as in SW Sweden, this stochas-
tic, multi-criteria approach may provide new perspectives on basic geologic
concepts, testing them against large, spatial datasets.

6. Conclusions

Southwest Swedish quick and non-quick clay deposits are more similar than
they are different, both during and after deposition. The basic quick-clay pre-
requisites (e.g. sedimentation and subsequent leaching of low-active glacioma-
rine and marine clays) are found over the entire region, but the degree and
means of cation leaching vary with local geological and environmental condi-
tions.

Quick-clay formation has usually been most effective where clay overlies
coarse glacial sediments or where clay sequences are interrupted by continuous
silt or sand layers, both situations allow for advective groundwater flow within
or adjacent to the clay. In fact, the single most important criterion dictating
stratigraphic and lateral quick-clay distribution within SW Sweden, especially in
relatively shallow, vulnerable positions, is the presence of permeable layers.

The use of stratigraphic knowledge in a semi-quantitative way to specify
leaching vulnerability is the most novel aspect of this modeling. The benefits
from using modeling in quick-clay work also include: 1) that the model survey-
ing can be done over study areas from local to regional scale, 2) the stability of
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sensitive areas is not further aggravated by machinery, 3) both qualitative in-
formation and observational data are taken advantage of, 4) new insights into
conceptual assumptions are possible through model testing, and 5) model
transparency facilitates incorporation of new data or process components.

The largely conceptual 2D model is successful at predicting the average sen-
sitivity or remoulded shear strength trends within the study area. The comple-
mentary relationships between geotechnical investigations, geophysical resistivi-
ty measurements and the QCSI model suggest that the results from these sepa-
rate methods should be used to strengthen their individual and mutual interpre-
tations and the data input requirements of each method.

The current model is a step towards incorporating 3D quick-clay predictions
in hazard-mapping applications. The results, which are based on a simplified
stratigraphic model, cannot replace traditional mapping methods. In practice,
information that enables result interpretation and avoids misunderstandings
should be cleatly given and attached to maps. There is, nevertheless, a comple-
mentary relationship between modeling and empirical documentation that un-
derscores the need for both and the possibilities for combined assessments
with an increasingly holistic (3D) character. The model has been constructed
for and tested in southwest Swedish settings but is applicable in other geologi-
cally similar areas, and elsewhere with modification.
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