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Abstract: In geotechnical engineering in Norway, Sweden and Canada the presence of sensitive and/or quick clays poses a
major challenge. Formation of these clays involves the leaching of salt from the pore fluid. Thus it has been recognized that
electrical resistivity measurements could be useful in delineating leached and unleached clays. This paper seeks to assess the
applicability, repeatability and reliability of the various geophysical techniques in the study of sensitive clays. It also attempts to
understand the factors that control the measured resistivity and in particular to determine the limitations of directly obtaining the
remoulded shear strength from the resistivity measurements. It was found that borehole, surface and airborne resistivity
measurements are accurate and compatible. For the 30 Norwegian sites studied it was found that resistivity is primarily defined
by the porewater salt content, with minor additional influence by clay content and plasticity, and porosity. A relationship exists
between resistivity and remoulded shear strength but this is limited to material deeper than the dry crust and a surface
weathering zone of about 7.5 m thickness. High resistivity (>10 Q m) may indicate quick or weathered clay but low resistivity

(<10 Q m) conclusively points to stable, unleached clay.

Received 7 December 2016; revised 4 August 2017; accepted 12 October 2017

Sensitive glacio-marine clays, so called quick clays, are typically
found in Norway, Sweden and Canada (there often referred to as
Leda or Champlain Sea clays), and are characterized by a remoulded
undrained shear strength (c,,) that is considerably lower than the
intact undisturbed shear strength (c,). In geotechnical engineering
the presence of sensitive clays poses a major challenge. The
landslide at Rissa in 1978 (Gregersen 1981) is perhaps the most
famous quick clay slide, as the sliding action was captured on
camera. More recently in Norway the slides at Tosbotn in April
2016 and Serum in November (Fig. 1), are devastating reminders of
the potential threats related to such soils. The Tosbotn slide carried
away three houses and cut the only road connecting Brenneysund
(population ¢. 5000) with the mainland, forcing all traffic onto
ferries. At Serum three forestry workers were killed by the slide,
which encapsulated an area of 270 m x 420 m and had a runout
distance of some 1km. For the geotechnical engineer in a
construction project, or during regional or local hazard assessment,
it is hence important to determine if there is sensitive clay present
and, if there is, to determine the extent of the deposit.

The Scandinavian post-glacial marine clays were deposited in a
marine environment during and after the last ice age some 10
000 years ago, entrapping porewater of high salt content in the
voids. Leaching of the porewater by meteoric groundwater flow has
diluted the porewater salinity in some clays. Without its salt, the clay
structure can easily collapse and the clay becomes quick. According
to the Norwegian definition quick clay is one in which ¢, is less
than 0.5 kPa (NGF 2011). The most reliable method to confirm
quick clay is sampling and index testing in the laboratory to measure
¢y and sensitivity (S, = c,/c,,). However, these tests are costly for
systematic quick clay hazard zonation.

The electric resistivity method goes back as far as the early 20th
century and was primarily developed to distinguish oil-bearing from

water-bearing layers (Archie 1942). In general, resistivity (the ability

to conduct electrical current) of soils and rocks is a function of Q2

porosity, the ion content or salinity of the porewater, clay content, and
the presence of charged minerals such as graphite and some sulphides
(see, e.g. Rhoades et al. 1976; Palacky 1987). For clays in general,
and for leached clays in particular, it is mainly the salt content that
influences the resistivity (Shevnin et al. 2007). The resistivity is
normally higher in leached clay than in the intact marine clays. By
measuring the soil resistivity, one may hence be able to deduce the
potentially leached zones. Results from Canada, Sweden and Norway
clearly point towards a relationship between the geotechnical
sensitivity and the measured resistivity. Aylsworth & Hunter (2004)
showed the resistivity contrast between leached and saline Leda clay,
Dabhlin et al. (2013) described comparable studies based on quick clay
in Sweden, and Remoen ef al. (2010) gave resistivity ranges for
various Norwegian soil types (and their significant overlap). Based on
a number of Norwegian sites, Solberg ef al. (2012) suggested a
classification scheme (see Table 1), a simplified approach that may be
applied for a confined region with consistent sedimentation history.

With these principles in mind resistivity measurements have been
carried out, using several different techniques, in a significant
number of Norwegian marine clay sites over recent years. This
paper will review the methods used, assess whether repeatable and
reliable values of resistivity can be obtained, evaluate the scale
effects and zone of influence pertaining to each of the methods, and
determine the usefulness of the techniques in quick clay mapping
projects. This will be achieved by assembling data from 30 sites,
comparing the results from several methods and examining which
parameters control the measured resistivity.

First, some characteristics of a typical Norwegian quick clay site
will be presented, followed by a short discussion on the
geochemistry of quick clay.

© 2017 The Author(s). Published by The Geological Society of London. All rights reserved. For permissions: http://www.geolsoc.org.uk/permissions.
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@31 Fig. 1. Recent 2016 landslides in quick clay. (a) Tosbotn slide, April
2016, showing damaged houses and the blocked regional road in the
background (photograph: Ole-Christian Olsen, Norwegian Broadcasting
Corporation/NRK; Brenney skred_Tosbotn_Ole-Christian Olsen_NRK.
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Table 1. Classification of Norwegian marine clays according to resistivity
value (Solberg et al. 2012)

Material Resistivity range (Q m)
Unleached marine clay 1-10
Leached, possibly quick clay 10-80/100

Dry crust clay, slide deposits, coarser material >100
such as sand and gravel, and bedrock

Example of typical Norwegian quick clay site

The Tiller quick clay research site, located just south of Trondheim,
has been used by researchers at the Geotechnical Division of the
Norwegian University of Science and Technology (NTNU,
formerly NTH) for research purposes for many years. Full details
of the geotechnical properties of the Tiller site have been given by
Gylland et al. (2013). For the site, average water content (w) is about
36%, unit weight (y) is 18.7 kN m~> and clay content is some 36%,
and these parameters remain reasonably constant with depth
(Fig. 2). On average, the plasticity index (I,) is about 5%
(Table 3), and is perhaps a little lower in the quick clay zone.
Details of the measured S;, ¢, and salt content values are also given
in Figure 2. It can be seen that the site comprises ¢. 8 m of low-
sensitivity clay over quick clay. Despite the clear distinction
between the low-sensitivity clay and quick clay at about 8 m depth,
the salt content of the pore fluid remains more or less constant
throughout the profile, with an average value of about 1 gl1~'.
Considering that the material was deposited in marine conditions, it
is clear that the material has been leached throughout the profile.
This finding, which is common for many Norwegian sites, poses a
significant challenge in using resistivity to distinguish between non-
quick clays that have been ‘over-leached’ and those that have been
leached and are also quick, as both have a similar resistivity. This is
generally a shallow phenomenon and further examples (e.g. Fig. 3)

(c) Salt content (g/l) (d) Resistivity (Ohm-m)
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Fig. 2 Tiller site: (a) sensitivity; (b) remoulded shear strength; (c) salt content; (d) resistivity.
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Fig. 3. Tinghuset site, Drammen: (a) S;; (b) salt content; (c) ion content of porewater (Moum ez al. 1971, 1972).

show the clearly lower resistivity of deeper, unleached clay units.
Some further explanation of the nature of leached yet non-quick
clays is given in the following.

Geochemistry of marine clays

The salt content in the depositional environment for the
Scandinavian clays may have been in the range 30—35 g 17! and
was highly dominated by sodium (Na*) and chloride (C17) (see, e.g.
Moum et al. 1971; Appelo & Postma 2005; Mitchell & Soga 2005).
Na* is the abundant ion both in the porewater and in the adsorbed
positions on the mineral surface in clays sedimented in the glacio-
marine environment. This high salt content suppresses the diffuse
double-layer surrounding the clay minerals, resulting in low
repulsive forces and a stable structure.

Following isostatic uplift groundwater can migrate through the
clay deposits, diluting and changing the ion composition in the
porewater. Flowing groundwater is often dominated by divalent
ions such as magnesium (Mg?") and calcium (Ca"), both of which
are preferred over Na* by the mineral surface (Mitchell & Soga
2005). As Mg?" and Ca®" are absorbed onto the mineral surface Na*
is released into the pore fluid. The salt content is now reduced and
thus the thickness of the diffuse double-layer increases, which in
turn leads to a rise in the repulsive forces between the clay particles
(see, e.g. Penner 1965; van Olphen 1977; Torrance 1983). The
material now has a low ¢, a high S, is easier to remould and may
even be quick.

Leaching is a continuing process; more and more divalent ions
enter the clay—water system and thus the concentration of Na* in the
porewater is further depleted. These divalent cations have a greater
impact on the double-layer thickness than the monovalent cations at
the same concentration (see, e.g. Helle ez al. 2017a,2017b). The salt
content is still low but the divalent ions suppress the diffuse double-
layer and the repulsive forces now decrease, thus gradually again
increasing ¢, and reducing S;. It is also for this reason that the

geotechnical properties of quick clays can be improved by treatment
with potassium chloride (KC1). K* is preferred over Na* by the
mineral surface and thus has a greater effect in suppressing the
diffuse double-layer and reducing the repulsive forces. Eggestad &
Sem (1976) and Helle er al. (2015, 2016) have shown how
introducing KCl by salt wells improved the characteristics of quick
clays at the Ulvensplitten and Dragvoll sites in Norway.

Helle et al. (2017a) suggested that the clay behaviour changes
from quick to non-quick at the threshold value of 20% of the ratio of
the sum of K*, Mg?* and Ca®* to the major cations. An example of
this idea applied to the Tinghuset site in Drammen, Norway (Moum
et al. 1971, 1972) is shown in Figure 3. At this site two boreholes
25 m apart showed distinctly different conditions. BH1 had a 3 m
zone of quick clay, whereas BH2 had a 10 m quick clay zone
(Fig. 3a). However, both had leached clay with very low salt content
throughout the sequence (Fig. 3b). The ratio of the sum of K*, Mg?*
and Ca>" to that of the major cations, that is, (K* + Mg?* + Ca®*)/
(Na™ + K+ + Mg?* + Ca®"), is 20% or less over the quick clay
zone in both boreholes (Fig. 3c). An understanding of the
geochemistry of marine clays is clearly a key to identifying quick
clay zones.

Study sites

A summary of the sites studied as part of this work is given in Tables
2 and 3. The reader is referred to the references given in Table 2 for
further details of the sites. The sites are distributed over Norway’s
most populated, quick clay prone areas in South East and Central
Norway (Fig. 4). The sites 1-11 in SE Norway are located in the
counties @Dstfold, Akershus, Buskerud, Vestfold and Telemark, and
the Central Norwegian sites, 12-30, are in Trondheim, Ser
Trondelag and Nor Trendelag. Some soil properties at the study
sites are summarized in Table 3. In general, the sites are all
underlain by soft or medium stiff lightly overconsolidated slightly
silty clays. The range of the measured soil properties is relatively
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narrow, with w and y values being typically in the ranges 30 — 45%
(mean about 33%) and 1.8 —2.0 Mg m~3 respectively. Clay content
is relatively high, being typically 30 —45% (mean at 35%), and 7, is
more or less always less than 20% and frequently less than 10%. S;
values vary widely.

Resistivity techniques

A detailed description of the techniques used in this study to
measure resistivity in geotechnical boreholes, from the surface and
from the air, has been given by Pfafthuber ef al. (2016) and these
techniques are briefly summarized as follows.

Resistivity cone testing (RCPTU)

The sounding equipment used for RCPTU consists of an ordinary
piezocone (CPTU) probe and a resistivity module mounted behind
the probe. Scandinavian manufacturers of RCPTU equipment have
chosen to equip their resistivity probes with four ring-electrodes.
The two outer electrodes transmit electric current into the soil,
whereas the two inner electrodes measure the difference in potential.
The electrodes need to be in contact with the soil volume where the
measurements take place. The module is powered by batteries, and it
can read, store and transmit measured data acoustically through the
rods or via an electric cable to a receiver on the surface. The
measured data can also be stored on a digital memory-card mounted

in the probe. The resistivity depth profile is limited only by the
maximum borehole penetration depth (of the order of 50 — 70 m).
The module needs to be regularly calibrated in brine solutions of salt
and water to ensure correct readings.

Electrical resistivity tomography (ERT)

ERT is a geophysical ground imaging method in which DC
electrical current is injected into the ground via short steel electrodes
installed 10 —20 cm into the ground. By measuring the differences
in electric potential at the ground surface, a measure of the soil
resistance is obtained for all electrode locations or a combination of
electrode pairs. Typically electrode spacing varies between 2 and
4 m for high-resolution surveys that are needed for quick clay
investigations. The measuring profiles are organized in one or more
straight lines. Use was made of both the Wenner and Gradient array
systems. The Gradient array uses a large number of potential
electrode combinations scanning across the electrode layout and can
yield up to seven times more data than the Wenner array in a shorter
time, and thus can be useful for examining lateral changes in
resistivity (Dahlin & Zhou 2006). Present-day equipment can
measure potentials on several parallel channels and the total time
required for measurements in a profile is under 1h. The
investigation depth is defined by the maximum distance between
the current and potential electrodes, and the resolution is defined by
the electrode spacing. Generally the investigation depth will be 10 —
20% of the profile length, depending on the resistivity distribution
in the soil. By processing the data and running an inversion
algorithm, a 2D or 3D or even 4D resistivity model of the ground
can be obtained. The software RES2DINV was used to invert all of
the ERT data acquired in this study. Details of the processing
method have been given by Loke & Barker (1996) and Loke (2016).
Usually resistivity is gradually increased or decreased laterally and
in depth until the model fits the data, leading to a smooth resistivity
model. There exists no unique resistivity model for an ERT
measurement, and use of different calculation models can illustrate
the uncertainty (Bazin & Pfafthuber 2013).

Airborne electromagnetics (AEM)

AEM measurements are used to map the electrical resistivity of the
ground in a larger area. The sensor (antenna) of the AEM equipment
is operated at a height of about 30 m above the ground surface, and
is usually lifted by a helicopter. Modern airborne systems have
sufficient resolution to allow use in geotechnical applications.
Different AEM systems are available, some adapted to the need for
large penetration depths for mineral exploration, others for more
shallow applications in hydrogeology and geotechnical engineer-
ing. All systems have in common that a magnetic field generated by
the antenna induces current in the ground, which propagates
downward and outwards. The rate of change in the electromagnetic
field produced by these currents is recorded by a secondary coil. By
inversion of the measured data points, the resistivity distribution in
the ground can be modelled. Interpretation of AEM resistivity data
with regard to sediment properties has so far been done manually
and is an advanced task. The possible investigation depth may vary
from 50 m to about 500 m, depending on the geology and type of
soil in the area, the AEM system and the influence of noise from
surrounding infrastructure.

Laboratory resistivity measurements

Both horizontal and vertical (relative to the direction of sampling)
laboratory resistivity can be measured by cutting the samples into
cubes of ¢. 4 cm side and measuring the resistance between two
copper plates. Measurements are usually taken using a sinusoidal

463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528



Resistivity and remoulded clay shear strength

£€0

EE85 883285883 LESEES ST 2 X258 J30888AR LY aeceneassdeIessgsgeenandiosennas
w N N N n O O O O O O O O O O C O O O O O v LV LV LV LV LV PO LT O O VO Y O LV LV LV LV PO O O O O O O O O O O O O L O O O O O O O O O O O Lo o o
(1102) 77 12 xnamdH, T (¢°P800T) 17 42 OIW02T (€00T) 7» 12 BATUO] AR Aep> Apues—Ayis yog pIofjprouury pue[pioN (¢
AOQE SY 199  Aepo (3p0mb) wuy 03 yog eyleWRY] 62
SO[J [DN PUe J[NSUodnNIAl ‘NON (£107) 7 12 uossueyor (600¢) 77 /2 [ePION Lad  Aejo (pomb) wuy o) yos BYIA[[ND—ESIRUWNE 8T
(€£107) Teqnuyjesd % uizeg NLdOY pue LY Aeo (3pinb) uuny o) yog Suoip LT
9A0QE SY NLdDY pue 1Yq Kepo wuny 03 Jos 9AOH ‘1a8ueAd] 97
2A0qe SV NLdOY pue 1¥q  Aepd (pmb) wiyy 03 yos SISO ToTUBAS] sT
Sa[Y ION “(9102) 77 2 1oqnuyjesd N1dOY pue Ldq Ae[o uwyy 0} yog UBUUTY “IOSUBAST Se[opusi] pIoN  #¢
Kepo
(2107) *1p 12 8109108 “(6007) USSOHO NLdOY pue LYd  Ayrs (9mb) wuy 03 yos appey €T
(8007) *1v 12 810q[0S (+007) SI[°H AR AKepo (30mb) yog eyIAng (44
Ay NON Pue JNSUOINNN ARSI Aepo (0mb) yog USTEPE[[APIEY] ‘SNYBIA ¥4
SO NON Pue ynsuoonuy (g107) /v 12 USAPUES NLIOY pue LId Aepo (3poInb) yog UE[[e] SNy 0T
SAIY XAdV (#102) [epunyg NLdDY pue 1yq Aepo (3ppInb) yog [[OATEPIN 61
(9€107) 77 12 UIANES “(Z107) SPRIqUIOY “(0107) UISEY (0107) Pue[sey NLIDY pue 1¥9 Aeo spomb pue yog (oo ureyy) essny 81
(£107) eyeuoN NnLdod (3omb) Lepo Lyis yos XS L1
(9102) 17 12 wizeg “(910T ‘S107) 77 42 AIPH “(€£107) BYBION NLdDY pue 1y9 Ae[d yoInb yos L10A [1oAgeIq 91
S[IJ JNSUOOHNIN pue XAV (¢ ‘vS10T) P 12 usspunury NLdDY pue 1y9 Aepd (3ob) Lyis yos (qHoN) Bory SI
SO[IJ TON PUE JnSuUodnN “XHdV NLdDY pue L4 Kepo (3po1nb) Ayis yog (gmos) nory 4!
(9107) 7v 12 810910 “(+107) uesIUY “(+107) ePUnH “(€£107) eyesuoN (£107) Sury NLdDY pue 194 Ae[d ((yomb) wiyy 03 yos dsg €l
By
(S107) DIsmoyend “(£10T) /v 12 PUe[lAD “(£00T) ‘[P 12 UdApUES “(0661) USAPUES NILdDY pue Lgd  Aepd (3pmb) wiiy 0} yog RIIL  Ae[o wieypuoi], pue Se[epuel] 16§ 1
oY XddV
Pue (Z00T 0 VL0T0T9 "5-9) o[y ynsuodeIpueds (€00T "4 ‘I-#¥S1100T 879) o[ [ON AR (3omb) Kepo Ayis yog UDAJOSUOTYS SPEWRRL,  [1
SO[} XHJV PUB UISOASIA SUaIeIS A (oponb) Aepo Apis yos jopIofoury PIOJISOA 01
(F10T “P€107) 77 12 UIANES NLdOY pue 19d SSOJSUNIAH 6
(1107) ‘7v 12 uraneg “(0107) 7v 42 US0WAY qe[ ‘NLIOY ‘LI Aepo yos LN 8
(0102) “1v 12 1qUYIIEIJ (T10T “600T) [P 12 dnyouoq Qe[ ‘NIdOY ‘Ld AKepo (y0mb) yog AeIgIowWS L
moﬁm XAdV wﬁw Aoooz ASSede] 29 duun ABOQC Ez\io.ﬂm— ARGl %Eo @Om &.EQEBOm:E :oEEﬁQ-@Euvﬁm:m 9
(L00?7) *1v 12 810q3eH “(6007) ‘[P 12 SU0T AR Kepo wiyy 0} Yo UaIo[[IH IAY S
sa[} XAV PUe ([-2£0066 ION "8°9) Sa[J [DN ARE| AKepo Ayis (sj0mb) yos Ioysy-uakes 1odsjaqqoq 14
(0107) 7v 12 usOWEY NLdOY Aepo yog (90€1HE) ey1Apues 91H ¢
NLIOY (¢p0cHE)
(9102) *p 12 YquugFesd (S107) v 42 udsuASLYD “(L10T ‘S10T) ‘P 2 ZMydsuy WAV pue L¥q Kepo (3omb) yog eyory] {(y8TTHE) BYor snysyy ¢
(9107) 7v 12 wizeq “(y107) 2112g (€00T) 7?2 42 duun 144 Ke[o yos 0} Jos KA KesuQ plops@g 1
SIS J0J SAJUAIY OSU_QSQO,H om\ﬁ 1o MS uonedoT ‘ON
paipnys sapis Jo Livpunung g e,
R R n Rl BE N8R 33 9 39353220000l 2 N8 8 s8N oI eEERE8282288528283883%
wmi v N NN NN NN NN NN NN NN



~ 00 O © — &N N < v O > 00 O © — &l n T v O > 00 QN O — A&l en T VN O I~ 00 OO — &l en ST VO T NSO —~— AN T N O >N Al N O 0 — A
NN NG GGG NS SR NSNS SN GG U G U G O G U U I S S S S N N N N N N N N S S S S S I N
TIT-LE In-¢ L1-6 60T—981 08¢ paofjprouurg 0€
LT—§ 061—501 0L—SH1 SE-1L 718 vh—t 0T 16'1 9¢-6C eyIRwEY] 6T
99— 11 L9-t 6-9 SE—¥T 10C-26'1 8¢ 8T EYIA[[ND—EXTRWE ] 8T
61— 1% 01S—¢ €1-9 TrT-861 €€-9C Suorn LT
611 07-¢ 01 0 86'1— 161 0€-0¢ SAOH “JOBUBAS] 9
881—0¢ 0018 01 0 Y0'T—68'1 1e-1¢ SNYYSI[ ‘10FuEAS] ST
88— 1¢ or—¢ S (47 Y0'T—66'1 (A% UBUURY TOFUBAY] 4
LOT—C seT—¢ Ly —0€ 10C-56'1 €€-9C oppey €
99-1L +0$T—S1 L1-T1 LY —8C L61—L8] 6€-0¢ eyIAng (44
. 001-¢ r1—9 L 93 L61-T6'1 w—8C USJEPE[[OAP[EY] ‘SNYIA 1T
S 89—¢I € PP1—01 Ti-¢ re—T€ L6T—88] LE—0E ue[[e] ‘SnypN 0T
3 08-C¢ +00T—§ 0z—1 YOT—8L'T Sh—§T [10AIEPIN 61
= 0L1—¥ 087 —001 v—c 09-01 L Ly =¥ 07581 0F—8¢ (o3 uroy) essny 81
S 01 -tC SII—¢ LS 8¢—1¢ 67— ST ane] Ll
S €1 —vE 061—0T1 -1 TS1-91 (AR’ 8% — 8T 07881 w—0¢ Troadelq 91
St vT-Tl 00€—0T 01-9 9¢-LT Y0'T—T6'1 0 —0¢ (yproN) B S1
801+ 0ST—0zCI1 €61 0T 01 01-¢ SE-8C Y0T—76'1 9¢-7C (ynog) pary 1
61-9 02T—001 v—¢ SII-o0l1 SI—¢ 0 —0¢ S6'1—SL'I 0S—0¢ dsg €1
201-6C 0€T—SL -t 0001 —§ 8—C 0 —S¢ 0C—8'1 Sv—0¢ T[ILL A
691 €9 0ST—98 0¥C— 011 € 0C—S61 €€-9C USAJRSURTYS 11
05€—0S 6-9 LT-1T 00C—€8'1 0 —St SPI-¢6¢
S91-6¢ 081—011 SS-¢t 01> 91—+l 0T 60T—€81 05 —8¢ $$-¢6T
s€0 1oprofoury 01
S6—€¢ 0ST—0SI1 001< 9-¥ 9¢— LI 60T 161 9€-TC SSOFSUINIAH 6
$9-¢ 0¥C—001 81-C1 SI-¢ 61 6€—LE 107-68'1 Ly =S¢ US[EA 8
9-¢ 0£T— 501 LL=S -6 09-9¢ €6'1—08'1 St—¢¢ Avidrowg L
LE—t 0L1—001 Sl 8—L 0€ 8t 8L 1—CTL'1 §S—0S spreduwmasny 9
9L-1¢ 00C—0LI 9C-C1 SE1-L 81-8 SY—8C 68'1—C8'1 0v—0¢ UARR[[TH TIAY S
6v—0¢ 081-0T1 00201 € 1'z-81 0v—T¢ Toysy-uakeys Jodsipqqoq 14
LE-TT 978 L1—6 6’1691 0S—8¢ (90€THE) ey1ApUES 9TH €
€L—¢§ C—¢sl1 L8T—8LT 6v— ¢ (€rOEHE) eYoTs
1S—¢ 06— 1 61-CI 00C—IL'T SY—8C (y8TTHE) eyors 4
9¢—1 0F1-08 CI-¢1 9-St 0F — €€ 09— 0% SE9°1 $9-09 KosuQ I
1450} (w 75) ANAnsIsoy (Lsw) Yy 400 's (%) T (%) L&D (;_w3W) d (%) ¢ s
saj1s Apnys v saiiado.d 108 Jo Lipunung *¢ dqe],
T 2T Q28U EIREERINERERERES I R2es8EasRazldaidigsgggassceggsIsessggesgorIoscnx2x2a2gslsdss
O O O O O O O O O O v WOV O O O LC v OV OV O O Vv LV O LV O LV O L© v v v v v v Vv v v Yo >0~~~ 0> 0> >> > > > > > 0> > > > > > > > > > > >~~~



793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820

822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858

Resistivity and remoulded clay shear strength

(@) Resistivity (Ohm-m) (®) Resistivity (Ohm-m) 859

860
1 10 1 10 100 861

862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

O 12 R1 RCPTU 885
886

—2-A—— ERT
887

Dragvoll : 858
Nidarvoll 889

() Resistivity (Ohm-m) (d) Resistivity (Ohm-m) 890
10

<

Low sensitivity clay

Depth (m)

20

RCPTU Multiconsult
RCPTU NTNU

ERT NGI-1
ERT NGI-2

Quick clay

IS
4>00

25

891

100 1 10 100 892

O 893

V Yy \V/

4 895

Low S, clay ' Low to 896
| & s b omsn o o v - ~med. S, clay

897
898

Quick
10 clay

10

899
900
901
902
903
904
905
906
907
908
909
910
911

Depth (m)
S
Depth (m)
o

N
o

30

N
(9)]

<> RCPTU Colour
———#—— ERT online/

colour
hardcopy
916
917
918
Klett South Klett North o1
920
921
922
923
924

Med. S,. clay

O RCPTu
——A—— ERT -7 layer model
——SZ—— ERT - 14 layer model

40

Fig. 5. Resistivity measurements for sites in Trondheim area: (a) Dragvoll; (b) Nidarvoll; (¢) Klett South; (d) Klett North.
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Fig. 6. Resistivity measurements for sites in South East Norway: (a) Klefta BH 2284; (b) Smergrav; (c) Valen.

current at a frequency of 1 kHz. Single-axis sample resistivity
measurements are typically done in a test tube containing a similar
setup to those for RCPTU or ERT measurements with two current
and two potential electrodes. Alternatively, triaxial or odometer
cells can be modified to measure resistivity using metallic discs as
electrodes (Gribben et al. 2016). These configurations allow the
sample to be reinstated to its original state and also a more stable
electrode—soil contact than the free-air test described above.
Laboratory tests should be undertaken shortly after sampling as
chemical reactions within the samples can have an effect on the
measured resistivity.

Scale differences

Laboratory measurements are arguably the most accurate data as
long as one bears in mind that the sample quality determines the
applicability of the resistivity readings. RCPTU readings are small-
scale compared with ERT or AEM readings. No inversion is required
during the data acquisition and therefore the measurement resolution
is constant throughout the RCPTU profile. However, RCPTU probes
require regular calibration. Proximity to bedrock or other resistive
bodies off-line can bias the ERT and AEM soundings. When
comparing resistivity measurements, it is important to be aware that
these are influenced by a soil volume involving some centimetres
(laboratory) to some tens of centimetres for RCPTU, some metres to
tens of metres for ERT, and finally some tens of metres to some
hundreds of metres for AEM. Bearing all these factors in mind, all
three methods derive consistent and overlapping information (see
Figs 2, 3, 5 and 6, and Pfafthuber et al. 2016).

Geotechnical soil sampling and testing

In Norway standard site investigation procedure is to recover
continuous piston samples of unconsolidated overburden material

and to subsequently subject each of the samples to routine index
testing as well as more advanced strength and compression tests if
these are required. In most of the sites studied here the sampling
technique involved use of the NGI 54 mm sampler (Andresen &
Kolstad 1979), working either as a thin-walled steel piston sampler
or as a composite piston sampler using plastic inner tubes. Index
testing normally comprises determination of water content, bulk
density, sensitivity using the Swedish fall cone and unconfined
compression testing on all recovered piston samples. A limited
number of plasticity, particle density, grain size, salt content and
organic content determinations are also usually made. Specifically,
salt content is determined by expelling porewater in a centrifuge and
using a correlation between measured electrical conductivity
(inverse of resistivity) and salinity. Clay (particles less than
0.002 mm in size) and silt (particles between 0.002 and 0.06 mm
in size) are determined using either a hydrometer or the falling drop
method (Moum 1965). Fall cone testing makes use of the Swedish
fall cone. In Norway fall cone data are interpreted according to
NS8015 (Norwegian Standardisation System 1988), which is
largely based on the Swedish Geotechnical Institute (1946)
calibration with some local modifications and additions.

Resistivity results
Comparison of results, Central Norway

Some resistivity results for the Tiller site are shown in Figure 2d and
data for four other sites in Central Norway are shown in Figure 5.
Resistivity data were measured using either ERT or RCPTU
techniques as well as by both methods at some sites. Despite being
in layers of sensitivity varying from low sensitivity (S; < 8) to quick,
many of the data fall in the range 10 —100 Q m, corresponding to
leached clay according to Solberg et al. (2012). Resistivity clearly
decreases with depth for three of the five sites, with only the
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Dragvoll data showing a distinct increase with depth. Data from the
two resistivity probes, those of Multiconsult and NTNU, give the
same result. Two sets of ERT measurements were made at Dragvoll
at different times and these give very similar output. For Klett South
ERT data were selected from two resistivity models and both give
similar results. ERT and RCPTU data compare very well, showing
very similar values and the same pattern with depth. The fit between
the two sets of data is excellent for the Dragvoll and Klett North
sites, but is not as good for Tiller, as the ERT line was located some
20 m from the RCPTU probes, or for the Nidarvoll site, as these
ERT data were not acquired with the necessary resolution.

Comparison of results, South East Norway

Similar data for three sites in South East Norway are shown in
Figure 6. Figure 6a compares resistivity values obtained by AEM
with those obtained by ERT for the E16 site near Klofta. Some
further similar examples for this site have been given by Pfafthuber
et al. (2016) and Anschiitz et al. (2017). ERT and AEM models
were shown to agree well both in the values of the resistivity
measured and in the pattern of the resistivity profile with depth.
Vertical variation in the resistivity distribution appears to be
overestimated in the AEM method compared with the ERT method.
This is a result or bias of the inversion algorithm used. Solberg ef al.
(2016) made similar findings for a quick clay area at Esp near
Trondheim.

RCPTU, ERT and laboratory resistivity measurements for the
Smergrav and Vilen sites are shown in Figure 6b and ¢ respectively.
The laboratory measurements were carried out using the ‘free air’
method described above. These two sites are distinctly different,
with that at Smergrav having a layer of quick clay between two
layers of low- to medium-sensitive clay and Valen having low- to
medium-sensitive clay only, with no quick clay present. All three
techniques give similar values, with a difference no bigger than
5Qm, and show the same trend with depth. The laboratory
measurements also show that the clays at both sites show some
anisotropy of resistivity, with the horizontal values being slightly
lower than the vertical ones. Smergrav is possibly the only site
investigated to date where the low-sensitivity layer underlying the
quick clay is thick enough that the resistivity measurements can
be interpreted as a representative stable value for unleached,
saline clay.

Summary of all RCPTU data

A summary of all the measured resistivity values is given in Table 3.
Quick clay data from both regions are characterized by the following
consistent key features.

(1) Changes in resistivity are generally gradual with depth; no
sharp interfaces are evident in any of the methods used. This
corresponds to observed gradual changes in soil salinity.

(2) Data points with relatively high resistivity (typical for quick
clay) but low sensitivity appear generally in shallow layers as quick
clay overburden.

(3) Of'the 30 sites studied, 24 show a decrease in resistivity with
depth, suggesting that many of the sites have been leached or
weathered near the surface.

(4) Resistivity estimates based on the various geophysical
methods are generally consistent within their respective resolution
limits.

(5) The definition of quick or non-quick clay is based on one to
two geotechnical parameters (¢, and S;). Based on resistivity alone,
no such definition can be made given all the uncertainties and
equivalences mentioned above. ‘High’ resistivity may indicate
quick clay but also ‘over-leached’ clay. On the other hand, ‘low’

resistivity very probably indicates unleached, non-sensitive clay
(see, e.g. Fig. 2).

Further to these rather qualitative conclusions, the question remains
as to whether any quantitative relationships may be established. The
following investigates this matter in detail.

Link with geotechnical parameters
Theoretical and empirical models

The electrical conductivity or resistivity of sediments and rocks is
primarily governed by the conductivity of the pore space, as most
matrix minerals are highly resistive, with the exception of some ore
minerals. Studies aiming at developing petrophysical models that
relate resistivity to porosity and salinity date back to the early 20th
century. In fact, resistivity sounding and logging was one of the first
geophysical methods applied in hydrocarbon exploration and was
used to test whether sandstone formations were saturated with brine
or oil. The most famous and still most commonly used model, that
of Archie (1942), was developed for this application and is based on
empirical factors from laboratory tests on sandstone cores that relate
bulk conductivity to the liquid phase assuming a non-conductive
matrix.

Materials that contain both sand and clay particles extend the
simple Archie model, as parts of the matrix also contribute to the
bulk conductivity. Numerous studies have attempted to describe,
discretize and model the very complex mechanisms that govern
electrical conductivity of clay—sand-brine mixtures. Quoting
Doveton (2001), none of these models are correct but some are
useful. Attempts have been made to extend Archie’s model to
account for clay particles in the pore space of sandstones (Doveton
2001). Most of these attempts are not useful for clay soils, as they
generally assume a small clay content that is limited to the sand
porosity. Glover et al. (2000) extended Archie’s formulation to a
two-phase conductivity model with both pore space and matrix
assumed to be conductors. Konishi (2015) suggested a three-phase
model consisting of porewater, porous clay and sand, in an attempt
to account for the capillary conductivity in the small clay pores.
Similar attempts have been made by soil scientists; for example, by
Rhoades et al. (1976), accounting for the liquid phase and clay
surface conductivity.

Probably the most relevant model for Norwegian clays has been
presented by Shevnin et al. (2007) and accounts for both ion
conductivity and electric-double-layer conductivity in the pores of
clay and sand, connected electrically both in parallel and in series.
The very complex pore conductivity model integrates capillary
conductivity depending on pore radii and variable double-layer
thickness. Two types of equations are used for clay contents higher
and lower than sand porosity, distinguishing sand-silt with clay
‘smeared out’ in the sand porosity and sandy clay with sand grains
‘floating’ in a clay matrix, respectively.

Salt content of the pore fluid

The relationship between resistivity and salt content (S) of the pore
fluid is shown in Figure 7a. This figure represents an extension of
that given by Long et al. (2012), with data for an extra nine sites
having been added here. As expected, the link between these two
parameters is strong. Resistivity decreases rapidly with increasing
salt content. The exponential trendline shows a relatively good
coefficient of correlation (R?) value of 0.81. Studying the
relationship on a linear scale may lead one to see large scatter in
the measured resistivity values for low salt content and almost
constant resistivity for high salinities. Use of double logarithmic
scales (Fig. 7b) clearly shows the direct correlation between salinity
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and resistivity over several orders of magnitude, consistent with the
petrophysical models discussed above.

No significant change in correlation was observed when
resistivity was related to the salt concentration per unit volume of
soil (S" expressed in mg kg~! of soil; see Fig. 7c and d). Assuming
the density of water is 1000 kg m~3,

M

One would expect a somewhat improved relationship here, as S’
accounts for the influence of porosity and water content. However,
the difference is only marginal owing to the limited range of water
content values measured, although a slightly higher R? value of 0.83
is obtained.

Overaas (2016) described a series of experiments in which water
with varying salt content was diffused through cylindrical samples of
Dragvoll clay from Trondheim. Resistivity values were measured via
electrodes protruding into the samples. Similarly, Gribben ez al. (2016)

1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
Colour
online/
colour
hardcopy
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320



1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386

Resistivity and remoulded clay shear strength

(e)
100
—_—
E 10 o
e o
= - @ Y o ;
= B OO | GOh ;gk}
= water content (%) 5
E == 5t0 <20
g X 20to<25
12 2K 2510 <30 &
1 > 30to=<35 o
35 to <40
[\ 4010 <45
¥r 4510 <50
ap 50 to <60
0.1
0.1 1 10

Salt content (g/1)

Fig. 7. Continued.

described some similar laboratory experiments on Onsey clay in
which the initial high salt content was gradually leached.
Relationships between resistivity and porewater salt content for
both of these trials are shown in the inset to Figure 7b and can be
seen to follow the same pattern with comparable numerical values to
those for the general body of Norwegian clays from this study.

An empirical relationship between porewater salt content and
electromagnetic conductivity (EM-39) has previously been devel-
oped for Canadian Champlain Sea sediments by Hyde & Hunter
(1998) and Calvert & Hyde (2002). Those researchers found that

S = 0.4663 + 0.0002985C"7>2 + 1.31 %)

where C is the conductivity (in mS m™!).
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If conductivity is converted to resistivity, this relationship shows
a very similar trend to that found here, with the relationship for the
Norwegian clays giving a higher resistivity for a given salt content
(see Fig. 7b).

Giao et al. (2003) also determined the relationship between
resistivity and salt content for Pusan clay from South Korea. Salt
content varied between 0.2 and 3.9 g I~!. A similar relationship to
that for the Norwegian clays was found but the trendline for the
Pusan data falls below that of Norwegian clays.

Porosity—water content

All of the soils studied here can be considered fully saturated. Also,
they have very similar specific gravity values in the range 2.6 —2.75.
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Fig. 8. Resistivity v. clay content: (a) all available data; (b) data with salt content less than 2 g 17" only.
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Norway.

Therefore any relationship between resistivity and water content will
be similar to that between resistivity and porosity. Here the range of
water content values is relatively narrow, being mostly between 25
and 45%. In Figure 7e resistivity is plotted against salt content, with
the data being subdivided into groups corresponding to different
water content ranges. No clear relationship can be observed, as the
salt content is the determining factor.

Clay content

The relationship between resistivity and clay content, for all the
available data, is shown in Figure 8a. Most of the samples lay
between 35 and 40% clay content. There is some relationship
between the two properties, with resistivity decreasing with
increasing clay content. This finding is as expected, as clay particles

facilitate surface conductance of electrical current. However, this
seems to have only a small influence. A change from 35 to 40% clay
content may change the resistivity by 10%, whereas a change from
2to 7 g 17! salt content may decrease resistivity by 50% (Fig. 7a and
b). Only at low salt content does the clay content play a more
dominant role. This is somewhat evident in Figure 8b, which
focuses only on the data where salt content is less than 2 g 17!, Only
at very low clay content (<20%) does resistivity drastically increase
towards values typical for silt—sand.

Some of the theoretical curves developed by Shevnin et al. (2007)
are superimposed on the data gathered for this project in Figure 7f.
Although the data presented here clearly mirror the theoretical
trend with respect to salinity, there is no clear dependence on clay
content. The Shevnin ef al. (2007) relationships do not match
the measured data, probably owing to the fundamentally different
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reducing resistivity owing to increasing I,, which is arguably
stronger than that for clay content. However, /, in sensitive clays
varies not only with the grain size and clay content of the soil but
also with the intensity of the leaching. For example, Bjerrum (1954)
showed that, for clay sites in the Oslo area, natural leaching of the
material by freshwater resulted in a drop in liquid limit (wy ) from 45
to 25%, whereas the plastic limit (wp) shows a much lower reduction
from about 20 to 17%. Similarly, Helle ez al. (2016, 2017a) showed
that wi and wp of the clays at Dragvoll and Ulvensplitten both
increased by similar amounts to the Oslo clays when they were
treated with potassium chloride via salt wells. Hence the sensitive
clays may show a relatively lower I, than similar non-sensitive clay,
thus making any correlation between resistivity and I, more
complex.

Nonetheless for the data presented here, beyond an 7, value of
about 20%, corresponding to the upper limit of medium plasticity
(NGF 2011), the resistivity values are low and decrease from about
5Qmat an /, of 20% to 1 Q m at an I, of 40%. All of the values
with [, greater than 20% correspond to samples in which the salt
content exceeds 8 g 17! (see also Fig. 7). For the medium- and low-
plasticity materials the resistivity values are generally higher but are
more scattered, probably for the reasons discussed above. In
Figure 9b those data with salt content less than 2 g 17! only are
shown, and here the pattern of decreasing resistivity with increasing
I, for the low- to medium-plasticity clays is somewhat clearer.

It is also important to study the possible influence of mineralogy
on the resistivity values, and in Figure 9c those data from the Central
Norway area and from South East Norway are plotted separately.
Although, in general, the data from South East Norway show higher
I, values there is no clear pattern in the data. This finding is
consistent with that of Syversen (2013), who studied the mineralogy
and index properties of 102 samples of clays from all over Norway
and found the mineralogy to be relatively uniform with no clear
trends in the data.

Resistivity and remoulded shear strength

Norwegian marine clays are considered quick if ¢, is less than or
equal to 0.5 kPa and thus any possible relationship between ¢, and
resistivity is of significant interest. As seen in Figure 10a there is a
clear trend of decreasing resistivity with increasing c,,, as would be
expected given that ¢, will decrease with increasing intensity of
leaching and thus decreased salinity. However, there is considerable
scatter in the data and there appears to be a patch of inconsistent data
that shows high resistivity and high ¢, Based on resistivity
measurements only, these data would falsely be interpreted as quick
clay (false positives) even though they fall within the range 10—
100 Q m, often considered as typical for quick clay (Solberg et al.
2012). It should be noted, however, that no outliers are observed that
would lead to false negatives. In other words, low resistivity
(<10 Q m) always relates to high remoulded shear strength
(>0.5 kPa).

In Figure 10b the same data are plotted with respect to depth
zones. It can be seen that many of the data in the outlier area
correspond to those shallower than 7.68 m; that is, data in the dry
crust or those corresponding to relatively deep weathering. This is
probably due to the long-term ion exchange pattern and
geochemistry of the material as discussed above. There are also
some further points in this outlier zone corresponding to silty
material.

Trends for deeper and non-silty material

The plots of resistivity v. plasticity index (Fig. 9a) and resistivity
v. remoulded shear strength (Fig. 10a) have been reproduced in
Figure 11 with all data from depths greater than 7.5 m and data for
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Fig. 11. Resistivity data from depths less than 7.5 m and silty data
removed v. (a) plasticity index and (b) remoulded shear strength.

the silty materials at Manejordet, Finneidfjord and Gullvika
removed. In this case the pattern of decreasing resistivity with
increasing plasticity index and ¢, is much clearer. Potential
correlations between resistivity and remoulded shear strength vary
significantly depending on whether shallow data are included or
not. Interestingly, weathering appears to have less effect on the
resistivity—plasticity correlation than on the resistivity—remoulded
shear strength, with shallow data agreeing with deeper data for the
former dataset.

Combining the data in Figure 11a and b it would seem that if the
resistivity is between 10 and 100 Q m and 1, > 10%, then it is less
likely that the material is a sensitive or quick clay.

Summary and conclusions

The main objectives of this work were to study the reliability and
repeatability of the methods used to measure resistivity in
Norwegian marine clays, to examine the data obtained and to
assess their usefulness in characterizing the materials, particularly
for quick clays. It was also hoped to identify the material properties
that control the measured resistivity values. Of particular interest
was the study of materials that have been leached but are not quick.
The objectives were achieved by analysing data from 30 Norwegian
sites. The following features were found.

(1) Resistivity measurements are consistent whether acquired in
boreholes, on the surface or from the air within the scale overlap of
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the different methods. Sampling volumes range from hundreds of
square centimetres to hundreds of square metres.

(2) For Norwegian glacio-marine clay resistivity is primarily
defined by the porewater salt content—conductivity, with minor
additional influence by clay content and porosity as the latter two
vary insignificantly.

(3) Clay content influences resistivity only in low salt content
(<2 g I"!) samples.

(4) There is no geographical difference in the resistivity values,
which are similar and follow the same patterns throughout Norway.
This is consistent with the relatively uniform clay mineralogy
throughout the country.

(5) Indirectly, resistivity clearly correlates with remoulded shear
strength, the determining factor to identify quick clay, and the
plasticity index.

(6) The resistivity—c,, correlation is limited to samples that are
deeper than the dry crust and deep weathering zone, found to be
around 7.5m. In these shallower depths extended chemical
weathering re-stabilizes the leached clay, leading to potential false
negatives, where resistivity data alone may indicate quick clay.

(7) Whereas high resistivity (>10  m) may indicate quick or
weathered clay, low resistivity (<10  m) conclusively points to
stable, unleached clay in all studied samples.
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