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Abstract: The properties of vast, sensitive clay deposits have been investigated for the construction of
the E6 Kvithammar-Asen highway, north of Trondheim, in mid-Norway. Highway construction
included the design of up to 14 m thick road embankments, made possible by stabilization works using
lime-cement and vertical drains. Airborne electromagnetic scanning was performed to optimize the
field investigation program, which included a large number of total and rotary pressure soundings,
CPTU, piezometers, and undisturbed sampling. Advanced laboratory testing was performed to
characterize the engineering properties of the clay (i.e., strength, stiffness, and hydraulic properties).
In this paper, the properties of the clay deposits were compared to reference data from multiple sites
in Norway. The laboratory results indicated that sample disturbance is a key uncertainty, affecting the
interpretation of both strength and stiffness parameters. The undrained shear strength ranged
approximately from 20 to 120 kPa. The friction angle, interpreted from undrained triaxial tests, was
approximately 30°—33°. The overconsolidation ratio ranged from 1 to 6, depending mainly on depth.
A correlation with the least scatter for the stiffness parameters was found between the modulus in the
overconsolidated range (Mo) and the preconsolidation stress (o,”). For samples of quality 1, the average
ratio of Mo/op’ was 33. In addition, some results from large-scale testing of lime-cement stabilization
and road embankments on soft ground are presented. For lime-cement-stabilized clay, the ratio of
passive to active maximum shear strength was between 0.45 and 0.95, with an average of 0.67. This
ratio is crucial in design. Settlement predictions from the design phase for road embankments on soft
soil at Holan agreed with measured values during construction.
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1. Introduction

E6 Kvithammar-Asen is a highway construction project close to Trondheim in mid-Norway. The
public project owner, Nye Veier, is constructing a 19 km four-lane highway with the help of the
contractor Haehre Entreprener. Geotechnical expertise is being provided by the Norwegian
Geotechnical Institute (NGI), by a group of engineers led by Aas-Jakobsen Trondheim. Approximately
7 km of the road is being built on challenging soil conditions, with vast areas of sensitive marine clays.
Such deposits are present in the lowland area of mid-Norway and have been the locus of catastrophic
landslides over time. Some of the major landslides in mid-Norway included Kattmarka [1], Rissa [2],
and Esp [3].

The most important geotechnical engineering problems encountered by this project included
stability and settlements of road embankments, foundation design for bridges, and the stability of quick
clay slopes and cuts. Solutions to the stability issues included topographic adjustments, lime-cement
stabilization of clay, embankments of light fill aggregate, and installation of vertical drains. The
vertical drains also address the issue of settlements of road embankments, together with lime-cement
stabilization and preloading.

The objectives of this paper are to summarize the laboratory work and field investigations and
provide examples of large-scale tests (i.e., embankment tests and lime-cement soil stabilization)
performed during the design and construction stages of the E6 Kvithammar-Asen project. A
comprehensive dataset was key for selecting reliable and sustainable foundation solutions in this
challenging area [4]. The results presented herein form a useful reference for geotechnical engineers
working on the design of foundation solutions in soft and sensitive clay deposits worldwide.

Critical infrastructure developments, like highways and railways, cover large areas with complex
geotechnical challenges. Challenges include difficult ground conditions such as soft clays, silt and loose
sands, and regions historically prone to landslides. Characterization of such areas is mandatory [5,6],
aiming to set a benchmark for safe and sustainable road construction.

2. Regional settings and site location

The project area is located approximately 30 km northeast of Trondheim in mid-Norway. In this
paper, only the portion of the Kvithammar-Asen E6 highway being constructed in the municipality of
Stjerdal will be presented (Figure 1). As illustrated in Figure 1, the road is being constructed on thick
marine deposits in two zones: Holan and Langsteindalen Valley. The marine sediments emerged from
the sea following a fall in the relative sea-level around the Trondheimsfjorden region during the
Holocene period. Following their emergence, clay deposits were subjected to percolating fresh
groundwater flow, which eventually led to leaching of the clays. Hence, very sensitive and quick clay
is locally found in the study area.

In the area of Holan, the large river Vollselva and its tributaries have eroded ravines in the marine
deposits. Landslide scars are visible in the terrain and identified on the Quaternary geology maps. The
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highway is being constructed in terrain approximately 20—50 meters above sea-level (MASL). In the
area of Langsteindalen Valley, there are no observations of ravines or landslide scars. Terrain elevation
is approximately 100-120 MASL.
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Figure 1. Left and center: Site location and location of highway. Right: Quaternary geology,
borehole locations, and soil stabilization test field at Langsteindalen (upper right) and
Holan area (bottom right). Maps from [7] and [8].

3. Field and laboratory investigations

To characterize a relatively large area as efficiently as possible, an investigation strategy
involving airborne electromagnetic (AEM) scanning was adopted [9]. AEM geoscanning was
performed at an early stage of the project. The main delivery was a map showing the depth to bedrock.
The bedrock model was calibrated with geotechnical soundings available from earlier design stages
of the highway construction project. The accuracy of the model was later updated with new
soundings. Even though AEM geoscanning gives less reliable depth to bedrock than soundings, this
method can cover large areas efficiently. This allowed the engineers to prioritize and narrow down
the areas that needed thorough investigations, thereby resulting in fewer soundings and a shorter
period of field work.

After completing the AEM work, total soundings were the preferred in situ method to map the depth
to bedrock and soil layering. Total soundings are performed with a drill bit that is rotated and pushed into
the soil. Flushing with water or air, increased speed of rotation and hammer drilling can be used to keep
the penetration rate constant. The normal procedure is to drill 3 m into the bedrock [10].

Rotary pressure soundings are not able to penetrate bedrock, since the equipment does not have
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a drill bit and options for flushing and hammer drilling [11]. However, they are more efficient than
total soundings. This is especially true during winter, when freezing water may cause trouble with total
soundings. Rotary pressure soundings were performed to map soil layering and depth to bedrock or
other non-penetrable layer. Soundings may indicate the presence of quick clay, but identification can
only be confirmed by laboratory tests on samples.

Cone penetration tests (CPTU) can be performed relatively efficiently and give more precise
information about soil layering [12]. Using correlations, parameters for strength and stiffness can be
estimated. In this project, CPTU soundings were often performed in combination with total soundings
or rotary pressure soundings to efficiently gain information.

Sampling and installation of vibrating wire pore-pressure measurements were also carried out,
but to a lesser extent than the soundings. Laboratory testing on the retrieved samples and information
from pore-pressure measurements were directly used in CPTU interpretation, stability calculations,
and settlement calculations. Field and laboratory investigations carried out on the E6 project in Stjordal
municipality are thoroughly described in [13]. A summary is given in Tables 1 and 2.

Two separate areas will be presented in more detail in this paper: Holan and Langsteindalen Valley.
In both cases, extensive laboratory and in situ geotechnical testing has been carried out to supplement
the full-scale testing, as follows:

e Holan: Data from borehole location N11045 is presented in this article. It includes data
from both piston (72 mm) and mini-block (160 mm) sampling. The clay at this location
has low-to-medium sensitivity. Large-scale field tests at this location include full scale
embankment and soil stabilization test field.

e Langsteindalen Valley: Data from borehole location N22140 provides a good
representation of the soil in this area. Samples were collected using the Sherbrooke mini-
block (160 mm) sampler. Large-scale field testing included a full-scale embankment.

Table 1. Summary of field investigations.

Field investigations Number of locations
Airborne electromagnetic (AEM) scanning [9] Whole site

Total soundings [10] 202

Rotary pressure soundings [11] 147

Cone penetration tests (some with resistivity and seismic modules) [14] 101

Vibrating wire piezometers [15] 29

Fixed piston sampling (54 mm and 72/75 mm) [16] 42

Mini-block sampling (160 mm) [17] 2

Auger sampling (bag) [16] 10

4. Engineering geology
4.1. Depositional environment

The sediments in the study area were deposited in a fjord marine environment following the retreat
of the glaciers in the Kvithammar-Asen region approximately 12,000—13,000 years ago [18]. During
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the Holocene, the region was subjected to a relative fall of the sea level, and fjord-marine sediments
emerged from the sea. Today, the marine limit in the study area is situated at about 175 m above
present-day sea level. The depositional environment is expected to be similar to that of other well know
test sites on marine clays around Trondheim, including Klett [5] and Tiller-Flotten [19].

Table 2. Summary of laboratory testing methods.

Laboratory test methods Number of tests
Water content analysis Ca. 550
Bulk density Ca. 250
Fall cone tests Ca. 500
Unconfined compression tests Ca. 200
Atterberg limits Ca. 200
Grain size distribution 35
Triaxial tests (anisotropically consolidated undrained compression tests, CAUC) 65
Triaxial tests (anisotropically consolidated undrained extension tests, CAUE) 3
Direct simple shear tests (DSS) 5
Oedometer tests (constant rate of strain, CRS) 68
Oedometer tests (incremental loading, IL) 4

Tests on lime-cement-stabilized clay 20

4.2. Post-depositional processes

As the clay emerged from the sea, it was exposed to leaching from fresh groundwater flow. Fresh
water percolating downward through the marine deposits removed the salt ions and left behind a
metastable, sensitive structure made up of flocculated clay minerals. The high sensitivity of Norwegian
quick clays is usually attributed to the leaching by fresh groundwater of the salts within the grain
structure [20].

Once above sea level, subaerial exposure has produced a weathered crust. This crust is close to
the soil surface and, through weathering, drying, and cracking, has changed its properties and become
firm. During its emergence, the clay deposit was locally covered by coarser beach and fluvial deposits
of varying thicknesses. Also, the clay deposit was locally eroded by creeks, rivers, and landslides.

4.3. Stress history

The groundwater level and pore-pressure distribution with depth vary over the characterized areas.
In the Holan area, pore pressure in the relatively flat areas, including the top of ravines, is typically
hydrostatic or below hydrostatic conditions, with groundwater level approximately 0—2 m below
terrain. Pore-pressure profiles exceeding hydrostatic conditions are generally observed at the bottom
of the ravines.

In the flat areas at the bottom of Langsteindalen Valley, hydrostatic pore-pressure conditions with
the groundwater table approximately at terrain level are observed. In the sloping clay terrain toward
the south of the valley, a pore-pressure distribution below hydrostatic is mainly measured. However,
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conditions above hydrostatic are also measured in these slopes. This may be related to seepage from
the hilly terrain surrounding the valley.

Figure 2 summarizes the interpreted overconsolidation ratio at Holan (location N11045). Except for
the green line, the data fit quite well with the line assuming an aging factor of 1.2 and a current terrain
elevation of 5 m below terrain level at deposition. This indicates that terrain elevation has not changed
much since deposition. At the bottom of the ravines, the overconsolidation ratio is higher. This reflects
the unloading that has happened due to creeks and rivers carving the ravines; see Figure 1.

Borehole N22140 is located in the flat area at the bottom of Langsteindalen Valley. Figure 3
summarizes the interpreted overconsolidation ratio. Similarly to location N11045, the data fit quite
well with the line, assuming an aging factor of 1.2 and a current terrain elevation 6 m below terrain
level at deposition. The oedometers classified with quality 1 and 2 suggest a slightly higher previous
elevation level. In Langsteindalen Valley, there are no visible ravines or slide scars, even though a river
runs through the valley. Based on this, normally consolidated clay with low OCR is expected. A
previous terrain elevation of approximately 0—10 m above the current terrain elevation is interpreted
from CPTU tests at the bottom of the valley. Interpretations at location N22140 also suggest that the
clay is slightly overconsolidated, and this is likely due to erosion over time at the bottom of the valley.
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Figure 2. Overconsolidation ratio (OCR) at Holan (location N11045) interpreted from
oedometer tests, CPTU correlations, and previous elevation levels (assumed 5 m above
current terrain level, aging factor 1.2). Q1-Q3 refers to the oedometer test quality
according to the Karlsrud and Hernandez-Martinez [21] criterion (chapter 6.1).
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Figure 3. Overconsolidation ratio (OCR) in Langsteindalen Valley (location N22140)
interpreted from oedometer tests, CPTU correlations, and previous elevation levels

(assumed 6 m above current terrain level, aging factor 1.2). Q1-Q3 refers to the oedometer

test quality according to the Karlsrud and Hernandez-Martinez [21] criterion (chapter 6.1).

4.4. Stratigraphy

In the Holan area, there is generally a top layer of dry crust with a thickness of approximately 0—
5 m. Under the planned road in Langsteindalen Valley, the thickness of a top layer consisting of silt,

sand, and gravel increases up to approximately 10 m toward northeast. Marine deposits are generally

found below the top layer in the areas of Holan and Langsteindalen Valley, and these primarily consist

of clay. The clay is, in some places, layered with silt and sand. The undrained strength of the clay

ranges from 10 to above 50 kPa, and sensitivity ranges from below 8 to above 30. In parts of the area,
a stiff and coarse unit of varying thickness, interpreted as till, was detected between the clay and the
bedrock. Stratigraphy at locations N11045 (Holan) and N22140 (Langsteindalen Valley) is illustrated
in Figures 4 and 5. Figure 5 also includes data from location N22109. N22109 is located 65 m northeast
0of N22140, and the top layer is therefore thicker than indicated in the figure.

AIMS Geosciences
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Figure 4. Soil layering, water content, and Atterberg limits, bulk density, and undrained
shear strength from fall cone tests (open symbols indicate remolded strength) at location
N11045 at Holan.
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Figure 5. Soil layering, water content, and Atterberg limits, bulk density, and undrained
shear strength from fall cone tests (open symbols indicate remolded strength) in
Langsteindalen Valley at locations N22140 (Black) and N22109 (Red) (located 65 m
northeast of N22140).
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4.5. Grain size distribution

Grain size distribution was determined by the falling drop method [22]. Figure 6 shows the results
from Holan (location N11045) and Langsteindalen Valley (locations N22140 and N22109). At Holan,
the clay content is >35% for all tests, between 6 and 20 m depth. In Langsteindalen Valley, clay content
increases with depth. When the clay content is above 30%, the material is classified as a clay, without
any secondary notation of silty, sandy, etc. [23].
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Figure 6. Grain size distribution in black for Holan (location N11045) and in red for
Langsteindalen Valley (locations N22109 and N22140).

5. State and index properties
5.1. Water content

Figures 4 and 5 summarize soil layering and index properties at both Holan and Langsteindalen
Valley (locations N11045 and N22140/N22109). On average, the natural water content is

approximately 30%—-35%. At location N11045 (Holan), a slight decrease with depth of measured water
content is observed. At location N22109 (Langsteindalen Valley), the trend is opposite.
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5.2. Bulk density

Bulk density is plotted in Figures 4 and 5. Typically, bulk density is in the range 19-20 kN/m?>. At
location N11045 (Holan), there is a slight increase with depth of measured bulk density. The trend is
opposite to the natural water content, which is as expected. At location N22109 (Langsteindalen
Valley), the bulk density decreases with depth, while the natural water content increases.

5.3. Atterberg limits

Figures 4 and 5 show that the average plasticity of the clay at location N11045 (Holan) is 16%,
while it is 8% at location N22140/N22109 (Langsteindalen Valley). According to the Norwegian
classification system [23], the clay at locations N11045 and N22140/N22109 is classified with medium
and low plasticity, respectively. Norwegian clays generally show relatively low plasticity, and therefore
the limits are higher in the ISO classification system [24]. For sensitive clays, it is normal to observe
natural water content higher than the liquid limit [25]. At both N11045 and N22140 locations, the
natural water content is typically close to the liquid limit. Since the fall cone tests measure higher
sensitivity at N22140, one would expect the difference between the natural water content and the liquid
limit to be higher at this location [26]. Looking at data from the quick clay at N22109, located
approximately 65 m northeast of N22140, the water content at 20-25 m depth is approximately 10%
higher than the liquid limit.

5.4. Sensitivity and remolded undrained shear strength

In [23], clay sensitivity is defined as low when S; = cu/cur < 8, high when St > 30, and medium in
between. The term “sensitive clay” in this article generally refers to clays with high sensitivity. The
term “quick clay” is solely defined by the remolded undrained shear strength, being clays with ¢y, <
0.5 kPa [23], determined by the method described in [27]. Figure 5 illustrates that the clay at location
N22140/N22109 (Langsteindalen Valley) is generally classified as quick clay. At location N11045
(Holan), the clay is classified as low-to-medium sensitive.

5.5. Identification of quick clay from soundings

Several field investigation methods may be used to indicate the presence of quick clay layers.
However, certain identification is only possible with fall cone tests in the laboratory. A complete
description of field investigations, including soundings (e.g., total soundings and CPTU) and
resistivity measurements (e.g., electrical resistivity tomography (ERT) and AEM scanning) can be
found in [28], [25], and [29].

In this project, the main methods used to indicate quick clay layers were total soundings, rotary
pressure soundings, and CPTU. The first two methods indicate sensitive clay if the change in
penetration force with depth is negative or barely increasing. There are several ways to use CPTU data
to indicate quick clay. Two simple indicators are low side friction measurements and values >1 of the
derived pore-pressure parameter Bq = Au/qn. Figure 7 shows soundings in Langsteindalen Valley
(location N22140), where quick clay is present below approximately 5 m depth.
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Figure 7. Rotary pressure sounding and CPTU data in Langsteindalen Valley (location N22140).
6. Engineering properties
6.1. Preconsolidation/yield stress and overconsolidation ratio

Preconsolidation/yield stress (op’) and overconsolidation ratio (OCR = o,’/po’) were interpreted
from constant rate of strain (CRS) oedometer tests. Interpretation was performed with the Karlsrud
and Hernandez-Martinez method [21]. The method estimates the preconsolidation stress to be the
average of the stress when the tangent modulus starts decreasing toward o’ and the stress when the
modulus curve begins to increase along the virgin modulus line (see Figure §). Sample quality is
evaluated based on the ratio of modules Mo and ML. Quality 1 means very good to excellent, and
quality 4 is very poor.

To support the final interpretation of the design trendline for OCR, oedometer results were
compared to several CPTU correlations, as shown in Figures 2 and 3. The correlations can be found
in [30] and [31]. The correlation from Paniagua et al. is adopted from [32], which states that the
empirical factor k is site-specific and varies in the range 0.2—0.5. The same authors [31] found that k =
0.44 fits well at the Tiller-Flotten sensitive clay test site, just south of Trondheim [19]. A similar
empirical factor k = 0.45 fits reasonably well with interpretations of the oedometer tests at locations
N11045 (Holan) and N22140 (Langsteindalen Valley) (see Figures 2 and 3).

Figure 2 shows that the interpreted values of OCR, from samples of all qualities at location
N11045 (Holan), plot both higher and lower than the OCR trendline. There are more samples of better
quality (1 and 2) from 160 mm mini-block samples, compared to 72 mm piston samples. This aligns
with previous experience [21].
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The limited amount of oedometer tests performed at location N22140 (Langsteindalen Valley)
suggests that the OCR interpretations from higher quality tests are less scattered (see Figure 3).

Sample disturbance may also be classified with the Lunne criterion [33]. The number of tests that
are classified as quality 1 and 2 with both the Karlsrud and Hernandez-Martinez [21] criterion and the
Lunne [33] criterion was compared for the tests in this project. The total number of tests of quality 1
and 2 is approximately the same in total for both criteria, but there are fewer samples of quality 1 with
the Lunne criterion. This is thought to be related to false deformations at the beginning of the test, until
full contact is established against the oedometer ring [19,34]. Classification with the Karlsrud and
Hernandez-Martinez criteria is not significantly affected by these deformations.

6.2. Stiffness from oedometer tests

Interpretation of moduli Mo and My versus preconsolidation stress is shown in Figures 9 and 10.
Both figures show a trend of increase in modulus with increasing preconsolidation stress. For samples
of quality 1, the average ratio of Mo/o,,’ is 33. The modulus in the overconsolidated range (Mo) shows
fairly good correlation with the preconsolidation stress, yielding slightly higher values for higher-
quality samples. The modulus at the onset of the normally consolidated range (Mr) shows far more
scatter and a larger impact of sample disturbance compared to the overconsolidated range. There is a
clear trend that My is lower for higher-quality samples. This aligns with experience from [21].

Figure 11 shows the interpreted modulus number m versus water content. The data points from
this project plot between the high and low trendlines based on tests on high-quality block samples [21].
The data is quite scattered. However, there is a trend showing that the highest-quality samples yield
slightly higher values of m.
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6.3. Strength
6.3.1. Undrained shear strength from triaxial tests

In triaxial tests, samples are consolidated to the best estimate of in situ stress. Vertical effective
stress (ov) is well-defined from the bulk density and pore pressure. Estimates of the horizontal effective
stress (o’n) are less certain, since existing field and laboratory methods yield scattered results [35].
L’Heureux et al. [36] proposed Equation (1) for estimating the coefficient of earth pressure at rest (Ko’ =
c’w/ G’v), based on regression analyses of field and laboratory data for Norwegian clays.

K, = 0.53 - OCR®*’ (1)

OCR interpreted from oedometer tests and CPTU was the input to the equation. Ko’ = 1.0 was
used as an upper limit. Due to practical limitations, oedometer results and pore-pressure measurements
were not always available at the time the specifications of the triaxial tests were made. In these cases,
assumed pore pressure and initial interpretations of CPTU were used as input in Equation (1). When
oedometer and pore-pressure data were available, the undrained shear strength interpreted from the
triaxial tests was corrected to account for the deviation in assumed in situ effective stresses. The
proposed correction was as follows:

e The undrained shear strength was corrected linearly, with the same ratio as the deviation in the
assumed effective vertical stress.
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e If the estimated Ko’ changed to the final interpretation, the corrected undrained shear strength
was found through a geometrical construction in the MIT/NGI stress plot. Starting at the
corrected initial stresses, an equal shape of the stress curve was assumed.

Figure 12 shows that the proposed corrections do not result in unreasonable changes in strength
values. The correction of the undrained shear strength is between —23% and 11%. The highest and
lowest plotted lines are high and low trendlines for SHANSEP parameters S and m [37], based on tests
on high-quality block samples [21]. The tests performed in this project generally plot somewhere
between these trendlines. The two middle lines are proposed high (S = 0.32, m = 0.73) and low (S =
0.28, m = 0.65) trendlines for the tests of quality 1-2 in this project. The proposed trendlines agree
with the proposed middle trendline (S = 0.31, m = 0.70) for the NGTS quick-clay test field just south
of Trondheim [19]. Figures 13 and 14 show the SHANSEP line plotted together with CPTU
correlations and laboratory data at locations N11045 and N22140.

1
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® CAU/CRS kv.1/2+2/1 P4
02 ® CAU/CRS kv.2/2 P Y%
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2 3 a4 5 6
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Figure 12. Normalized interpretation of undrained shear strength from triaxial tests versus
OCR. Open symbols represent uncorrected strength values. Colored symbols are corrected
values of different combinations of quality (“kv.”) of triaxial (CAU) and oedometer (CRS)
tests. The lines are based on different combinations of SHANSEP parameters. Quality
according to the Karlsrud and Hernandez-Martinez [21] criterion for oedometer tests and
the Lunne criterion for triaxial tests [33]. Figure adapted from [4].

To estimate the SHANSEP S parameter, four undrained triaxial tests were consolidated to stresses
above the yield stress. The S parameter was calculated according to Equation (2). The tests resulted in

S values in the range 0.28—-0.30.

AIMS Geosciences Volume 11, Issue 4, 946-978.



961

CuA,peak

S= (2)
0y ,consolidation

6.3.2. Undrained shear strength from direct simple shear

Direct undrained shear strength was estimated from direct simple shear tests (DSS). The peak
strength was obtained at approximately 0.75%—3% strain. To maintain strain compatibility, the
interpreted direct undrained shear strength was limited to 2% strain when plotted together with other
interpretations of undrained shear strength. DSS test results are plotted in Figures 13 and 14.

6.3.3. Undrained shear strength from cone penetration tests

Data from CPTU tests were used to estimate the undrained shear strength of the clay efficiently
over large areas in this project. To this aim, established CPTU correlations for Norwegian clays were
used (Karlsrud et al. [30] and Paniagua et al. [31]), and these were supported by advanced laboratory
tests and pore-pressure measurements at some of the locations. Figures 13 and 14 show the
interpretations of undrained shear strength from various field and laboratory methods. The correlations
are stated below. The three correlations from Paniagua et al. [31] were among the four recommended
for engineering practice. The fourth one showed more scattered interpretations [31], and was not used
in this project.

A
Cur =5 Naw=169—4-1ogOCR +0,07 1, Karlsrud et al. ¢q. (7a)
.€q. ;
(St<15) 3)
Ny, = 9,8 — 4,5 - log OCR
(St>15) Karlsrud et al. eq. (7b) @
Cun =3 Nie =78+2510gOCR + 0,082 Ip Karlsrad et al. 4. (80
. €q. 5
(St<15) (%)
Ny =85+ 2,5 -1log OCR
(St>15) Karlsrud et al. eq. (8b) ©
Cua = qltv—klelz
(7)
Nye = 14,3 —-12,1-B; — 2,6 -1o0g OCR + 0,027 - I Paniagua et al. eq. (8)
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(Bq<1,0) ®)

Nye = 6,4—3,3-B; —2,6-10gOCR — 0,015 - I
Paniagua et al. eq. (8)

(Bq=1,0) ©)
Cya = 0,10~ qg’% CAuO74 . 026
Paniagua et al. eq. (1)
(10)
Cua = 0,32 'plo . OCR(0,:20-1,17'w)
Paniagua et al. eq. (2)
(11)

The performance of the Paniagua et al. [31] correlations was assessed in the study area. Paniagua
et al.’s Eq. (1) generally yielded the highest interpreted values at locations N11045 (Holan) and
N22140 (Langsteindalen Valley). The values estimated by Paniagua et al.’s Eq. (2) and Paniagua et
al.’s Eq. (8) are lower and closer to the results from the triaxial tests performed on mini-block samples.
Sample disturbance may cause the undrained shear strength interpreted from triaxial tests to be lower
than in situ and may therefore affect which correlation fits best.

At the bottom of Langsteindalen Valley, there are several locations where CPTU correlations
indicate a major reduction of the undrained shear strength just above bedrock. An example of this is at
location N22140 (see Figure 14). The shear strength reduction indicated by the CPTU correlations is
supported by triaxial tests. Figure 3 shows that the OCR interpreted from CPTU also reduce in this
layer. Some oedometer tests performed in the area also show the same trend. One hypothesis for these
effects is that the pore pressure close to bedrock is significantly higher than hydrostatic, which is
plausible due to the surrounding hills. A pore-pressure sensor was installed within the layer close to
bedrock to investigate this. The sensor confirmed that the pore pressure was hydrostatic also in this
layer. Since the interpreted shear strength just above bedrock was not crucial to the design, this matter
was not investigated further.

Figures 15 and 16 show the CPTU parameters Nkt and Nau derived from tests of high quality in
this project, plotted together with the average correlations from [30]. The background data for the
average correlations is somewhat scattered, mostly for Nk:. Both the Nkt and Nay values derived in this
project are also scattered. However, the values derived are generally higher than the average
correlations, suggesting some degree of sample disturbance. Comparing the values in this project to
high-quality block samples [21], the N values typically plot within the range of the block sample data.
The Nau values derived in this project are generally higher than the range of the block sample data
(approximately 5—-10).
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Figure 13. Undrained shear strength at Holan (location N11045) interpreted from CPTU
correlations and laboratory data. Q1-Q3 refers to triaxial test quality according to the
Lunne [33] criterion.
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Figure 14. Undrained shear strength in Langsteindalen Valley (location N22140)
interpreted from CPTU correlations and laboratory data.
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Figure 15. Ny derived from tests of high quality. Correlation in [30] (equation 8) shown
as a continuous line (sensitivity <15) and a dashed line (sensitivity >15), assuming a
representative I, of 12%. Quality (“kv.”) according to the Karlsrud and Hernandez-
Martinez [21] criterion for oedometer tests and the Lunne [33] criterion for triaxial tests.
Figure adapted from [4].
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Figure 16. Na, derived from tests of high quality. Correlation in [30] (equation 7) shown
as a continuous line (sensitivity <15) and a dashed line (sensitivity >15), assuming a
representative I, of 12%. Quality (“kv.”) according to the Karlsrud and Hernandez-
Martinez [21] criterion for oedometer tests and the Lunne [33] criterion for triaxial tests.
Figure adapted from [4].
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6.3.4. Undrained shear strength anisotropy

Recommended values of anisotropy for Norwegian clays are given in [38]. The recommendations
are based on the Norwegian Geotechnical Institute’s (NGI) high-quality block sample database.
Recommended and measured values are summarized in Table 3. The direct shear strength from DSS
tests is interpreted at peak strength, hence not limited to 2% strain, as the interpretations described in
chapter 6.3.2. Strength values from triaxial tests are corrected according to chapter 6.3.1.

The recommended ratio of direct to active shear strength coincides with the lower range of
anisotropy measured in this project. The ratio of passive to active strength found from a single passive
triaxial test is higher than the recommended ratio. It is likely that sample disturbance contributes to the
scatter in the results, as well as uncertainties related to the correction of the strength interpreted from
triaxial tests. Also, the number of tests is limited.

Table 3. Summary of recommended and measured anisotropy.

Ratio Recommended Measured in Ip Number of tests
ratio [38] this project

Cun/Cua 0.63-0.66 0.6-1.0 7%—-17% 4

Cup/Cur 0.37 0.5 16% 1

6.3.5. Effective stress strength parameters from undrained triaxial tests

Effective stress strength parameters were interpreted from plots summarizing triaxial tests from
different areas and depth intervals/OCR. Figure 17 shows the interpretation for tests on samples from
below 5 m depth with OCR < 3 at Holan. For samples below 5 m depth with OCR < 3 from the whole
project area, a friction angle of 30° and cohesion equal to zero fits well with the data. For more shallow
tests and/or OCR > 3, the best-fit friction angle increases to 33°.

6.4. Hydraulic properties
The coefficient of consolidation, cy, varies as follows within the overconsolidated (OC) and
normally consolidated (NC) parts of the oedometer tests from the whole project area:
e ¢y oc: 3.0-44 m?/year
e ¢y ne: 1.9-14 m?/year

Norwegian guidelines [23] state that for Norwegian clays, the coefficient of consolidation is
typically in the range of 2-25 m?/year. The interpreted values are mainly within this range but show a
relatively large scatter.

The permeability ko is related to cv,oc through Equation (12). The calculated range of ko in this
projectis 2.9 x 10719 to 3.5 x 10 m/s for a natural water content of 27%-39%. This is within the range
of values presented in [21].
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Figure 17. MIT/NGI stress plot and interpreted effective stress strength parameters
(dotted red line) from undrained triaxial tests at Holan, below a 5 m depth and OCR < 3.
N14022 is the name of the mini-block sampling performed at location N11045. Figure
adapted from [4].

6.5. Discussion

Although the field and laboratory testing program is extensive, and many of the results seem to
be of fairly good quality, it is important to emphasize that there are still uncertainties in the
interpretation of characteristic values. Sample disturbance will still play an important role, and in
addition, there are uncertainties connected to correlations, pore pressures, and situ stresses, especially in
layered ground, and testing procedures in the laboratory. Interpretation of CPTUs and the choice of
consolidation stresses in advanced laboratory testing generally assumes a horizontal ground surface and
a vertical major principal stress. This might deviate considerably from the in situ stresses in naturally
sloping ground. In addition, in situ shear rate, temperature, and strain conditions deviate from laboratory
conditions. Undrained triaxial tests at NGI are, by default, done at a deformation rate of 1.4% per hour,
which would typically be higher than actual in situ strains. Tests at a slower rate show strengths down to
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about 80% of normal laboratory rates [39]. Laboratory tests are done at a temperature of 20 °C, while
ground temperature in Norway is about 4-6 °C, typically leading to an underestimation of
preconsolidation stress and strength [39]. The intermediate principal stress will be lower in laboratory
tests than experienced in the field, leading to an underestimation of average effective stress. The
accumulated effect of all these shortcomings is generally assumed to give a conservative estimation of
strength, which can lead to unrealistic calculation results in, e.g., stability calculations. If the safety
factor is lower than unity, the strength can be increased to obtain equilibrium. However, caution should
be taken when extrapolating this correction into new stress conditions, as it is not obvious to which
aspect the error is attributed.

7. Large-scale field tests
7.1. Lime-cement soil stabilization test field

Ground improvement was necessary for many of the highway embankments. During design, the
aim was to maximize the use of prefabricated vertical drains (PVD), supplemented with lime-cement
columns where the increased strength from consolidation was not sufficient to meet the required level of
safety. This approach was used to limit carbon dioxide emissions and negative environmental impact as
much as possible. The optimal quantity of binder to reach the desired design shear strength of 250 kPa
for the lime-cement columns was established based on the results from large-scale field tests. The
large-scale field tests also focused on the following aspects:

e  Comparison of strength development for two binders available in the region: a mixture of 50%

cement and 50% quicklime, and a mixture of 50% cement and 50% cement kiln dust (CKD).

e Investigating the anisotropy of deep mixed clay.

e Investigating the verticality of the deep mixed columns.

The first point aimed to give the client a basis for choosing the type of binder, considering both
technical and economic aspects. Strength anisotropy and verticality are also important issues for design
that were investigated in the field.

Figure 18 presents mean strength estimates from a series of column penetration (KPS) tests on
the lime-cement mixture and cement-cement kiln dust mixture [40]. The two binders gave very similar
shear strength results, increasing from ca. 200 kPa below the working platform to ca. 700-800 kPa at
a depth of 10 m, after 22 days of curing. The strength below 10 m depth decreased somewhat, but a
large part of this can be explained by some of the penetration tests exiting the columns and thus
decreasing the mean value. This is therefore not related to varying soil conditions or a decreased
column strength. The overall results, however, showed that the two binders gave similar strength and
variability in terms of coefficient of variation, giving the client the flexibility to choose binder type
based on cost and availability. The client opted for the lime-cement binder type due to lower cost.

Figure 19 shows results from a series of active and passive triaxial tests on samples taken from
deep mixed columns in the field [41]. Two types of passive triaxial tests were performed: extension
tests with constant axial stress and increasing radial stress (TE tests), and tension tests with decreasing
axial stress and constant radial stress (TT tests). The results indicated that the effective strength
parameters are isotropic; however, there is an anisotropy for maximum shear strength (the term
“undrained strength” should not be used for a lime-cement column, which probably behaves partly
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drained upon loading). The ratio of passive to active maximum shear strength was between 0.45 and
0.95, with an average of 0.67. This had important consequences for design, and a lower shear strength
was thus used when the columns were placed in the passive zone, i.e., at the toe of the embankments.
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Figure 18. Results from KPS tests using two different binders: a) strength; b) coefficient of variation.
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Verticality measurements were performed with a high-accuracy gyroscope-inclination sensor,
DeviGyro RG30 Slimline [42], manufactured by Devico Norway. Measurements were performed in
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10 columns placed in a single shear panel and 20 columns placed in a double shear panel, with the
purpose of investigating if there were any differences in verticality and hence overlap between columns
in the single and double panels. Figure 20 shows the measured column locations at 15 m depth [43].
Several parts of the shear panels lacked overlap, with no significant difference between the single and
double shear panels, allowing the design to be made with single panels, which are slightly more
efficient in terms of area coverage ratio. How this partial lack of overlap affects the global behavior of
an embankment on lime-cement improved ground in shear panels needs to be investigated further.
Nevertheless, it shows one limitation of the lime-cement method and clearly shows the need for a
conservative approach when used for stability purposes, especially when improving deep clay deposits.
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Figure 20. Location of columns at 15 m depth based on data from the verticality
measurements: a) single shear panel; b) double shear panel.

7.2. Embankment on soft soil at Holan

At Holan, a 400 m long road bridge is founded on steel core piles down to bedrock and connected
to a 7 m high embankment on original ground. Figure 21 shows the 3D model from the design phase
and a cross-section with the permanent terrain and the preloading fill. To achieve acceptable
differential settlements between the abutment (with negligible settlements) and the embankment,
vertical drains in combination with preloading were used. As a supplement, lime cement columns were
also installed in a belt close to the creek and the abutment for both stability and settlement purposes.
The center distance of the vertical drains was determined to ensure almost full consolidation of the
clay during the construction phase. To correctly assess the stability of the slopes toward the creek and
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to minimize ground reinforcement using lime-cement in this project, the shear strength of the clay
below the embankment was gradually increased in the analysis to account for consolidation. Soil
layering along a profile at Holan is shown in Figure 21.
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Figure 21. Top: Designed 3D model of the bridge and the embankment at Holan. Bottom:
Cross-section with soil profile, permanent terrain, and preloading.

During the construction phase, pore-pressure measurements were used to control the filling rate,
ensuring sufficient stability at all times. Measured pore-pressure dissipation agreed very well with
theoretical curves from the design (Figure 22). The dotted lines in the figure represent predictions of
pore-pressure dissipation for vertical drains with a center distance of 1.0 and 1.5 m. The installed center
distance of the vertical drains was 1.2 m. With this solution, it was possible to minimize the extent of
lime-cement columns and, at the same time, achieve acceptable differential settlements. The design
methodology is presented in detail in Amdal et al. [44].
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Figure 22. Measured pore pressures during the construction phase. The black dotted lines
represent predicted dissipation curves from the design. The piezometers were installed at
5,10, 15, and 25 m depth.
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Figure 23. Settlement time series, measured vs. calculated settlements from design phase
at Holan. The blue lines represent an area with lime cement columns (single pattern), and
the orange lines represent an area without lime cement columns.

Settlements at Holan were monitored using a Consoil hydrostatic profiler [45]. Figure 23 shows
the measured and calculated settlement for two different sections; the blue curve represents an area
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where the clay is stabilized with single lime cement columns, and the orange curve represents an area
where the clay is not stabilized. There is a good match between the measured settlements and the
settlements presented in the early design phase. It should be mentioned that the actual preloading was
larger than in the design phase (the preloading from the design phase was 3 m, but in practice it was 4
m). This was mostly due to practical reasons (for storing more mass). After the preloading was removed
in early 2024, data collection was stopped. The maximum measured settlement was 130 cm. Assuming
a maximum embankment height of 11 m and a clay thickness of 35 m, the average oedometer modulus
for the clay is back-calculated to 6 MPa.

7.3. Embankment on soft soil in the Langsteindalen Valley

Further north, in Langsteindalen Valley, the road embankment was constructed to a height of 14
m on the original ground. Here, the foundation soil consists of ca. 40 m of sensitive clay over bedrock.
As for Holan, vertical drains in combination with 2 m preloading were used to accelerate the settlement
rate and to achieve acceptable settlement rates at the time of completion. The settlements were
monitored using settlement plates every 50 m along the road (Figure 24). The settlements were
measured every 2 weeks during the construction phase and after the preloading was removed, resulting
in about 2 years of settlement data.

159)
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Figure 24. Location of sensors P11 and P13 marked for measurements of settlements in
Langsteindalen Valley. The sensors are shown on a contour map of depths to bedrock [46].

The Norwegian Public Roads Administration (NPRA) requires that the road does not exceed 40
cm of total settlements within 40 years after construction. The aim of the geotechnical design was to
allow for primary consolidation to be finished during the construction period.

Settlement data were used to predict the total settlements and to document that the requirements for
the remaining settlements are likely to be met in the operation phase. Sensor P13, which was located in
the area where vertical drains had been installed, showed the largest settlement development and was
therefore considered in this paper. Using regression analysis and probabilistic models (presented in Nost
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et al. [46]), the remaining settlements were forecasted. Figure 25 shows the historic measurements in
combination with the predicted settlements for sensor P13. The last measured settlement in late 2024 is
118 cm. The mean predicted final settlement is 123 cm (at infinity), and settlement values within 95%
prediction interval are between 120 and 128 cm. The requirement of a maximum of 40 cm of settlements
after 40 years of operation is therefore met within a 95% probability interval.

Using Asaoka’s method, it is possible to back-calculate the consolidation coefficient cy for the clay,
including the effect of vertical drains, based on the measured settlement values. For the settlement time-
series for sensor P13, the calculated cy is 260 m*/year. This value is about 10-100 times larger than the
values obtained from laboratory tests on clay, without the effect of vertical drains (see chapter 6.4).
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Figure 25. Settlement predictions for sensor P13 for the embankment in Langsteindalen Valley.
8. Summary and conclusions

The properties of vast and sensitive clay deposits have been investigated for the construction of
the E6 Kvithammar-Asen highway in mid-Norway. Airborne electromagnetic scanning enabled
efficient optimization of the field investigation program, which included a large number of total and
rotary pressure soundings, CPTU, piezometers, and undisturbed sampling.

The state, index, and engineering properties of the clay deposits were characterized. The
performance of several correlations for OCR and undrained shear strength from CPTU have been
evaluated. Data from this highway construction project is compared to reference data from the nearby
test site at Tiller-Flotten and the high-quality Norwegian block sample database of NGI. The advanced
laboratory tests indicate that higher-quality samples are obtained from larger diameter samplers.
Sample disturbance is a key uncertainty for the results presented in this article.

The key outcomes of large-scale testing of lime-cement stabilization and road embankments on
soft ground have been presented.
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