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Abstract

Obtaining high quality, representative samples of granular soil (gravel, sand and silt) is a challenge in geotechnical
practice. Instead, eld investigation tests have become more effective to gain useful geotechnical information
about the sub-soil. The most popular penetration test nowadays is the Cone Penetration Test with pore pressure
measurements (CPTu). One of the most valuable information obtained from the CPTu is the determination of
the sub-surface stratigraphy and identi cation of the present materials. Over the years, various empirical charts
which correlate the CPTu parameters to soil classi cation have been developed, as well as a soil behaviour index
which numerically classi es the soil. The aim of this project is to test these charts for the soil at ysand and nd

the most ef cient and reliable way for classi cation of the soil using results of CPTu. Also, to present engineering
parameters describing the soil. ysand is a natural sand site used in this project, located in Melhus municipality
central Norway. The site is a part of a much larger project called the Norwegian Geo-Tests Sites (NGTS) and is one
of ve test sites located in Norway. To back up the results of the CPTu, they are compared to samples taken at
ysand and also results from seismic Dilatometer tests. The disadvantage of these penetration tests is that they do
not work well in coarse soils, as the penetration can damage the equipment. The results divide the uvial material

in the top ten meters of the stratigraphy in three groups. The rst layer (l) of clean sands from 1.8-3.5 m depth,
the second layer (Il) which lies on the boarder of gravelly sands and clean sands from 3.5-5 m depth and the third
layer (Ill) of clean sands to sand mixtures, silty sand to sandy silt, from 5 - 10m depth. However, it seems that
the ne content within the soil has big impact on the soil behaviour under penetration. Meaning that the coarse
layers seen in samples are not recognized using the popular soil behaviour charts presented by Robertson (1990)
and Robertson (2016). Therefore it is recommended, for the ysans sand site, to use a classi cation chart based on
shear wave velocity measurements, as it fully recognize the coarseness of the soil. However, if shear wave velocity
data is not available it is recommended to use the soil behaviour index for soil classi cation. For the ysand site

it is recommended to shift the boundary between the gravelly sand and clean sand (zones (7) and (6) according to

the Robertson 1990 chart) from 1.31 to 1.61 to account for the gravelly material.
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Chapter 1

Introduction

"The objectives of any subsurface investigation are to determine the following: Nature and sequence of the subsurface
strata (geologic regime), groundwater conditions (hydrologic regime), and physical and mechanical properties of the
subsurface strata" (Clayton et al. (1995)). Geotechnical engineering analyses and designs call for precise identi ca-
tion and characterization of sub-soil layering and also a good representative information of soil stratigraphy at the
site being investigated (Sadrekarimi (2016)). Obtaining high quality, representative samples of granular soil (gravel,
sand and silt) is a challenge in geotechnical practice. Do to lack of cohesion in these soils the soils normally get
disturbed under sampling and some material, both ne and coarse, is missed (Clayton et al. (1995)). Therefore itis
dif cult to collect samples that fully representthe  in-situ state of the soil (Huang and Huang (2007)). Instead, eld
investigation tests have become more effective to gain useful geotechnical information about the sub-soil. The
most popular penetration test in geotechnical practise nowadays is the Cone Penetration Test with pore pressure
measurements (CPTu) (Schneider et al. (2008)). The test, as we recognize it today, has been in use since the mid
1970’s. Itis described by a cone attached on a series of rods which are penetrated into the ground at a constant rate
of 2 cm/s. While penetrating measurements are made of the cone resistance (q (), resistance at the friction sleeve
(fs) and pore pressure measurements (u ») (Lunne et al. (1997)). The popularity of the CPTu measurements above
other well-known methods of eld investigation (e.g. Standard penetration test, Total sounding and Dilatometer)

is related to the investigation being simple and fast, repeatable, accurate, economical, provides near continuous
record of data and has a strong theoretical background (Robertson (2009a), Sadrekarimi (2016)). The test is highly
suitable in soft and loose soil, however, in conditions in coarse sands and gravel the CPTu is not as applicable. The
cone system does not have the capacity to penetrate through the coarse material and therefore can the penetration
damage the equipment. In those cases pre-drilling is necessary (Lunne et al. (1997)). The CPTu does not measure
any geotechnical properties directly, however, many empirical correlations have been developed between the engi-
neering properties and the CPTu data (i.e. unit weight, relative density, state parameter, friction angle and stiffness
modulus) (Sadrekarimi (2016)). One of the most valuable information obtained from the CPTu is the determination

of the sub-surface stratigraphy and identi cation of the present materials. Over the years, various charts which cor-

relate different CPT/CPTu parameters to soil classi cation have been developed. The most popular classi cation



chart used in geotechnical practice nowadays is a pair of charts presented by Robertson (1990) which depends on
all three parameters measured. More charts have been presented based on this one chart to provide more useful
information (Robertson and Cabal (2014), Robertson (2009a), Robertson (2016), Schneider et al. (2008)). Another
useful parameter for interpretation of soil type is the soil behaviour index which is a numerical value for the soll
classi cation (Robertson (2009a)). These charts are global in use and the data can fall within the wrong zone, there-
fore do these charts need to be tested. To make sure that the classi cation based on the CPTu is correct the addition
of a seismic module, to obtain information about he shear wave velocity, can be a good factor to properly classify
the soil, along with visualization of the soil, dissipation tests and proper engineering judgment (Lunne et al. (1997)).

Located at ysand in central Norway is a testing site consisting of natural sand, or uvial and deltaic sediments
which are a product of glacially eroded bedrock and uvially eroded marine- and glacial deposits (Quinteros et al.
(2019)). As a part of a larger project, large number of both in-situ and laboratory investigations have been per-
formed at the site to gain deeper understanding of behaviour of sands (Gundersen et al. (2018), Quinteros et al.
(2019)). Preliminary results have shown that the site consists of coarse, sandy and gravelly, uvial material in the
top ten meters, underlain by ner, more silty, deltaic material. Within the top ten meters is a layer of coarse/gravelly

sand which will be the main focus in this project.

1.1 Problem statement

As CPTu measurements are more dif cultin coarse grained/gravelly soils, there is a partial lack of reliability to those
parts in the classi cation charts, due to general lack of data. The behaviour of sands under penetration is highly
dependent on the grain size distribution as well as the proportion of nes. The interpretation of soil properties of

sand is done by estimating fully drained conditions (excess pore pressure generated by the penetration is dissipated

as fast as it is generated). A problem known from previous studies has shown that the SBTn charts do not fully
recognize the gravelly behaviour of the soil as the behaviour of the nes in the soil is dominating. With the extensive
research at the ysand test site, more information about physical and mechanical behaviour of sands is to be
gained. Since the sampling process is not fully reliable the importance of quality results from in-site investigations
increases. The main signi cance of this study is to test the empirical classi cation charts and nd the best and
most reliable method to classify the soil at ysand. As well as to see how the parameters calculated with data from

in-situ tests correlates with empirical values expected in granular soils.

1.2 Research Objectives

The main objective of this project is to identify the coarse layers at ysand using data from samples and in-situ
testing. To test the available classi cation charts in literature based on CPTu data and compare the results with
the samples from the site which will be classi ed according to the Uni ed Soil Classi cation System (USCS). Also

will results from Dilatometer testing (DMT) be used for support and comparison. Since the classi cation charts



are empirical and based on experience it can be expected that they do not classify the coarse/gravelly soil found at
ysand perfectly. In that case, it is necessary to localize the charts. The goal of this project is to provide suggestions
on possible modi cations on the available classi cation methods to improve the classi cation on the ysand soil.

The same will be done for results of calculated geotechnical parameters obtained by CPTu and DMT data. Those
values will be compared to theoretical values and design values representing the top ten meters of the ysand site
presented. The project is based on the results of the top ten meters of 17 CPTu’s, 2 DMT’s and samples from two

different boreholes at ysand.

1.3 Structure of thesis

The thesis is comprised of 7 chapters. The rst chapter includes the introduction and the objectives of the research.
The second chapter outlines important literature review and explanations of theory behind the work done in this
project. The third chapter investigates the ysand site, the geology and previous investigations on site. The fourth
chapter discusses, in more detail, the research and strategies used in the project, as well as methodology. Chapter 5
and 6 present the results of the project and necessary discussions around the results. At last, chapter 7 summarizes

the project and gives ideas for future work.






Chapter 2

Literature review

This chapter will provide a review of important literature used in this study. That is factors affecting CPTu measure-
ments and corrections, methods to classify soil using CPTu data as well as Dilatometer test (DMT) and the Uni ed

Soil Classi cation System.

2.1 Soil Investigation

Obtaining high quality samples of granular soil is dif cult and attaining undisturbed samples of granular material is
considered a big challenge in geotechnical practice. The coarseness of the soil implies a high hydraulic conductivity
and large average pore size, so water or air can rapidly penetrate the soil and dissipate the negative pore pressures.
Thus, the total and effective stresses are reduced to zero and the granular soil has little strength and no cohesion,
making the sampling process dif cult. Due to the low strength and lack of cohesion the samples become easily
disturbed when the sampler is pulled out of the ground and the chance of loosing grains, both ne and coarse,
increases. The nesin the granular soil can be washed away in the drilling process and the coarse grained particles
tend to accumulate and stay at the bottom of the hole (Clayton et al. (1995)). Therefore are samples of granular
soils generally not perfectly representable of the in-situ ground conditions (Huang and Huang (2007)). Because of
this, the necessity to use other eld methods to gain accurate desired information about granular soils is high. The
sampling is typically replaced by the use of geophysical testing or geotechnical penetration testing (Clayton et al.

(1995)).

211 CPTu

The most popular penetration test used in geotechnical practice nowadays is the Cone Penetration Test with pore
pressure measurements (CPTu) (Schneider et al. (2008)). Its popularity is related to the investigation being simple
and fast, repeatable, accurate, economical and has a strong theoretical background (Robertson (2009a)), as well as

it provides a near continuous pro le of data with depth. The test is carried out by penetrating a 60 cone with a



face area of 10 cm? (r © 35.7mm), attached to a 150 cm 2 rod system, into the ground at a constant rate of 2 cm/sec.
Simultaneously values of the cone resistance (q ), the force needed to penetrate the cone, is measured as well as
the side friction on the sleeve (f s) and the pore pressure behind the tip of the cone (u ) (Lunne et al. (1997)), see
gure 2.1. The test is used in soils consisting of clay, silt and sand. In coarser soil (such as coarse sands, gravels
and/or rock) the soil resistance can be too large and exceeds the thrusting capacity of the drill rig and can lead to
damage in the equipment (Lunne et al. (1997)). Because of this, pre-drilling through coarse layers can be necessary

to prevent the equipment from damage. A thrust machine is used to provide continuous penetration as well as to

maintain a thrust direction as close to vertical. The deviation should not exceed 2 from the original direction of

Y]

penetration (Lunne et al. (1997)).

Friction | Cone
sleeve penetrometer

Pore pressure
filter location:

I .

Cone

Figure 2.1: Basic terminology of the Cone Penetration test (Robertson and Cabal (2014)).

Penetration in sandy soils is generally drained, meaning that the generated excess pore pressure made by the
penetration dissipates instantly. The opposite is be expected for penetration in clayey soil. The drained penetration
results in a differential pore pressure of zero which is an important identi cation for sandy soils. Penetration in
sands can also be identi ed with high bearing capacity (q ¢ >5 MPa (NGF (2010)) and sleeve friction (Campanella
etal. (1982)). The sleeve friction is used for evaluation of the pile capacity and driving resistance. However, itis more
sensitive to errors and shortcomings in the measurements than the other two parameters (Lunne et al. (1997)).
The largest advantage of the CPTu is how much information about the soil can be interpreted from the measured
parameters. Such as information about soil layering, soil type, the in-situ conditions and the soils mechanical
properties, strength parameters, deformation- and consolidation properties (Vegdirektoratet (1997a), NGF (2010)).

It has been observed that the measured CPTu parameters increase with depth and overburden stress ( 8) (Cam-



panella et al. (1986). Therefore it is necessary to normalize the CPT parameters for the effective overburden stress
in deep penetrations (Lunne et al. (1997), Robertson (1990), Schneider et al. (2008), Robertson (2009a)). The nor-

malized parameters are presented as follows:

1. Normalized cone resistance

o Qti 0
A~ —5— (2.1)
v0
2. Normalized friction ratio
f
Frm — > 0 (2:2)
dti o
3. Pore pressure ratio
Cu
By ——— (2.3)
dti wvo

Where q; is the corrected cone resistance corrected for effects of un-equalendarea( q;~ g (1™ a)tuy, aisthe cone
area ratio (ﬁ—':) which usually takes value between 0,6 and 0,9 depending on the design of the probe (Campanella
et al. (1982), Lunne et al. (1997))), 80 is the effective vertical overburden stress, ¢u is the excess penetration pore
pressure (uz-ug) and ug is the in-situ equilibrium pore pressure. The disadvantage of using the normalized param-
eters is the need of assuming the unit weight () and the equilibrium pore pressure used in the calculation of the
vertical stress (o) and the vertical effective stress ( 80). However, even with those predictions, the results are still
more precise than the ones without normalization (Robertson (1990)). The corrected cone resistance (q ) is mostly
important in soft clays and silty soil where high pore pressure and low cone resistance are measured. In soil where
the penetration is usually drained and resistance against the cone is large the corrected resistance does generally
not differ from the uncorrected resistance and therefore are the corrections negligible (Robertson (1990)). Even
though, it is a good rule of thumb to apply the correction to any CPTu data for further work using the parameters

(Lunne et al. (1997)).

2.1.2 DMT

Another commonly used penetration test used in geotechnical practice is the Flat dilatometer test. A test which is
carried out by penetrating a stainless steel blade with an expandable steel membrane into the ground at a constant
rate of 2 cm/sec. Every 20 cm the penetration is stopped and a reading is done. The reading is done by in ating the
membrane, and consequently the pressure needed to begin movement of membrane off the sensing disc (  reading
A) and cause a 1 mm expansion at the centre of the membrane ( reading B) are recorded (Marchetti (1980), Robert-
son (1986)), see gure 2.2. Readings A and B are corrected for the membrane stiffness and offset in the measuring

gauge in order to determine pressures, Pg” A~ ¢ Aand P1~ B ¢B, which are applied to the soil at the start and at



the end of expansion (where ¢ A is the external pressure which must be applied to the membrane in free air to keep
itin contact with its seating and ¢ B is the internal pressure which, in free air, lifts the membrane center 1 mm from
its seating) (Marchetti (1980)). The difference between Py and Py, symbolized as ¢ P, can be used along with P ; and

P, to derive the intermediate parameters of the DMT (Marchetti (1980)):

The material index (Soil behaviour type)

|~ ¢P
D
Poi Uo
The horizontal stress index
. Poi ug
Ko~ —5—
\
The dilatometer modulus (Stiffness)
Ep~ 38.2¢¢P (2.6)

The DMT is applicable in material where the grains are small compared to the membrane diameter (60 mm),
the test is not suitable in gravels. However, the blade should be able to penetrate through 0.5 m thick gravel layers
according to Marchetti et al. (2001). The method has not reached the same popularity as the CPTu test as itis slower,

takes fewer measurements (» 2 cm vs » 20 cm) and does not provide as much information (Robertson (2009b)).
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Figure 2.2: Technical drawing of the Marchetti’'s dilatometer (Marchetti (1980)).

2121 SDMT

A Seismic module is commonly used with the normal DMT. Then two receivers above the blade, spaced 0.5 m apart,

are added to the penetration system. The shear wave is made at the surface by hitting a 10 kg pendulum hammer

(2.4)

(2.5)



horizontally to a steel rectangular base which is pressed vertically against the soil by the weight of a truck, see gure
2.3. The shearwave velocity (Vs) is then obtained as the ratio between the difference in distance between the source
and the two receivers (S - S;) and the difference in arrival time of the impulse from the rst to the second receiver

(¢t) (Marchetti et al. (2008)).

c i S
¢t

Vs 2.7)

Figure 2.3: Schematic layout of the seismic dilatometer test (Marchetti et al. (2008)).

S-waves move like a snake in the ground, they shear the ground sideways at right angles to the direction of
travel. As it forces only shear deformation in the material its velocity (V ) can be considered as an effective stress
parameter which directly relates to the rigidity or stiffness of the material (I ) (Kokusho and Yoshide (1997)). Vsin
sands is generally controlled by the number and area of grain-to-grain contact. Therefore is the speed controlled
by the relative density, the effective stress state and rearrangement of particles in the soil with age and cementation
(Schneider et al. (2004)). The speed decreases with increasing nes content and decreasing compaction in the soil.
According to Kokusho and Yoshide (1997) the V ¢ of sandy soils range from 150-375 m/s depending on the initial

void radio, for gravelly soils the velocity can go as fast as 450 m/s.

2.2 Soil identi cation with CPTu

One of the three main applications in the CPT/CPTu site investigation process is the determination of the sub-
surface stratigraphy and identi cation of the present materials on site. The continuous measurement of pore pres-
sures along with cone resistance and side friction has enhanced the CPTu to be the premier tool for strati cation

logging of soil deposits (Campanella et al. (1982)). " In the most common sense, the purpose of soil classi cation



is two-fold: (a) as a part of overall program of site exploration, to develop a reliable and comprehensive picture of
in-situ conditions; and (b) to allow development of a set of expectations about how the site or soils will respond to
the environmental changes brought about by a particular project " (Douglas and Olsen (1981)). The soil behaviour
is dominantly controlled by arrangement of grains and void space, strength and stiffness of a material, as well as
its elasticity or in-elasticity. Other important factors are geological features, environmental factors, physical- and
chemical processes and internal structure (Robertson (2016)). The internal structure of the soil can be of macro-
scale (deposits, e.g. layering and ssures) and micro-scale (particles, e.g. cementation). The micro-structure is
developed by aging, secondary compression, cementation and cold welding and results in increased strength and
stiffness in the soil. The ideal"-soil has no or little micro-structure, whereas structured-soils that have developed
signi cant micro-structure.

Studies have shown that the tip senses an interface 1-20 times the cone diameters ahead and behind the tip,
the distance increasing with increasing difference in the strength and stiffness between the soils at the boundary
(Robertson and Campanella (1983), Robertson and Ahmadi (205)). Hence, the cone starts to sense the new mate-
rial before it penetrates it, and it will continue to sense it after penetrating it. This does skew the recorded cone
resistance and the soil layer must be relatively thick to ensure a fully corresponding value. It is easier to spot thin
soft layers (clayey) and a layer thickness down to 10 cm can be detected in soft soils. However, detection of more
resistant (sandy) layers is harder and the layer needs to be of 35-75 cm thickness to get a representative value of the
cone resistance (Robertson and Campanella (1983), Lunne et al. (1997)). Because of this an increasing error in the
properties of sand can be expected and care should be taken when interpreting the cone resistance in thin dense
sand layers (Robertson and Ahmadi (205), Lunne et al. (1997)).

Many charts and theoretical approaches have been proposed for realistic soil classi cation using the measured
CPTu data. The rst charts were based on the measured cone resistance (q ) and the friction ratio (f ) (Begemann
(1965), Sanglerat (1972), Sanglerat et al. (1974), Schmertmann (1978), Douglas and Olsen (1981), Robertson and
Campanella (1983)). With the development of the piezocone, classi cation charts based upon pore pressure mea-
surements were presented (Baligh and Levadouz (1980), Jones and Rust (1982), Senneset et al. (1982), Campanella
et al. (1986)). The rst set of classi cation charts based upon all three parameters measured with CPTu (q ¢, fs and
u») was presented by Robertson (1986). These charts identify 12 soil types, from sensitive ne grained soils to over-
consolidated or cemented sand to clayey sand (see table 2.1). Since these charts do not depend on the normalized
parameters, they are precise only down to about 30 m depth (Campanella et al. (1986)).

Robertson (1990) proposed two classi cation charts based on the normalized CPTu parameters for the total
overburden stress (see gure 2.4 and corresponding explanations in table 2.1) which, currently, are one of the most
used charts in geotechnical practice (Schneider et al. (2008)). This set of classi cation charts also provides infor-
mation about (1) overconsolidation ratio (OCR), age and sensitivity (S ) for ne grained soils, and (2) OCR, age,
cementation and friction angle ( ~ ') in cohesionless soils (zones 6 & 7).

Out of the two charts shown in gure 2.4, Robertson (1990) recommended that the Q  {-F, chart was generally

more reliable as it provides the best overall success rates for classi cation of soil compared with samples. It is

10



usually referred to this chart as the Robertson SBTn chart. The piezocone has dif culties in maintaining saturation
when passing through partially saturated material or in stiff and dilatant deposits, as well as it lacks readings above
the water table. Because of this the Q {-Bq chart is more applicable in offshore practice whereas the Q ¢-F, chartis

generally used in onshore geotechnical practice (Schneider et al. (2008)).
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Figure 2.4: The Robertson SBTn chart based on normalized CPT/CPtu data (Robertson (1990)).

Table 2.1: Description of soil classi cations based on a) Campanella et al. (1986) b) Robertson (1990) with corre-

sponding values of the soil behaviour index (I ¢) and the soils hydraulic conductivity (k) (Robertson (2009a)).

Robertson (1990) ‘ Descrption of classi cation

‘ Robertson et. al. (1986) ‘ ‘ le ‘ k [m/s] ‘
‘ 1 ‘ 1 ‘ Sensitive ne grained ‘ N/A ‘ 310 2-3¢0i ° ‘
‘ 2 ‘ 2 ‘ Organic soils - peat ‘ 3.600 ‘ 160101 8-1¢0i © ‘
‘ 3 ‘ 3 ‘ Clays - clay to silty clay ‘ 2.95-3.6 ‘ 160 10- 100 ° ‘
‘ 485 ‘ 4 ‘ Silt mixtures - clayey silt to silty clay ‘ 2.6-2.95 ‘ 36101 2-14¢10i 7 ‘
‘ 6&7 ‘ 5 ‘ Sand mixtures - silty sand to sand silty ‘ 2.05-2.6 ‘ 1410 7 - 14101 ® ‘
‘ 8 ‘ 6 ‘ Clean sands - sand to silty sand ‘ 1.31-2.05 ‘ 16101 5-1¢0i 8 ‘
‘ 9&10 ‘ 7 ‘ Gravelly sand to sand ‘ <131 ‘ 100 3-1 ‘
‘ 11 ‘ 8 ‘ Very stiff sand to clayey sand* ‘ N/A ‘ 16101 8-1¢0i 6 ‘
‘ 12 ‘ 9 ‘ Very stiff ne grained* ‘ N/A ‘ 16101 9 - 1¢10 7 ‘

*Overconsolidated or cemented

In 1995 Robertson presented another classi cation chart based on shear wave velocity measurements (Lunne
et al. (1997)). These measurements can be from any shear wave measurement technique, i.e. seismic CPT, seismic
Dilatometer and/or geophones. This chart, see gure 2.5, is based on the normalized cone resistance ( Q) and the

ratio of the small-strain shear modulus ( Gg) and the corrected cone resistance ( q;), given as the small-strain rigidity

11



index (Ig~ Go/ qt). Itis the small-strain shear modulus which describes the shear wave velocity as:

Go~ %aV?2 (2.8)
S

where %ds mass density ( /g) and Vs is the shear wave velocity.
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Figure 2.5: Soil classi cation chart based on normalized cone resistance and small strain shear modulus.

The bene t of adding this classi cation chart to the previously presented charts is that it allows identi cation
of "unusual” soils such as highly compressible sands, cemented and aged soils and clays with either a high or low
void ratio (Lunne et al. (1997)).

Jefferies and Davies (1993) introduced the Soil Behaviour Index (I (), based on Q; and F, which represents the
approximate radius of the concentric circles that de ne the boundaries of soil type in the chart and can be used

to classify the soil numerically. Robertson and Wride (1998) then updated the SBT Index to apply to the Robertson

SBTn chart as follows:

q

(3.47i logQt)?™ (1.22" logF;)? (2.9)

le

The value of | ; can be used to approximate the boundaries between different soil types numerically as the index
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increases with increasing apparent nes content and soil plasticity (Robertson and Wride (1998)). As already men-
tioned, the soil before and after the penetrating cone does in uence the measured cone resistance at an interface.
Therefore some points will be in transition as the cone penetrates through an interface between two soil types. By
using the SBTn index it is easy to identify the transition as it moves from low values in sand to high values in clay
(and vise-versa). The boundary between gravelly sands and clean sands lies at a value of 1.31 and from clean sands
to sand mixtures the value lies at 2.05. The boundary between sand-like and clay-like behaviour is approximately
at | = 2.6 (Robertson and Wride (1998), Robertson (2009a)). The value of | . does not apply for zones 1, 8 and 9 as
seenintable 2.1.

Robertson and Wride (1998) also updated the normalized cone resistance (Q ), with a normalized cone resis-
tance with an additional stress exponent ( n), which varies with soil type, presented as the SBTn index.

. idti vo® ip_oa¢n

Qn  —— ¢
Pa VO

(2.10)
Where p, is the atmospheric reference pressure of 100 kPa. The original Robertson (1990) method uses n = 1,
which is recommended for clay-type soils (I ¢ > 2.6) where Q; » Q. However, in coarse-grained soils (I ¢ < 2.6) Q;
is signi cantly larger than Q ¢, which makes this process more complicated. Generally, n = 0.5 is used in sandy soil.
The recommended procedure to calculate Q ¢, would be to start with n = 1.0 and calculate Q ; and the SBT index. If
I > 2.6 the data is plotted directly on to the Robertson 1990 chart. However, if | . < 2.6 a calculated stress exponent
(equation 2.11) should be used for the calculation of Q , (Robertson and Wride (1998), Robertson (2009a)).

0
n~ 0.381¢l. " 0.05¢p¢£i 0.15 (2.11)

By using the above stress exponent a more precise in-situ state for the soil at high stress level is reached and a new
SBTn index can also be calculated. Robertson (2009a) updated the original Robertson SBTn chart for the SBTn
index, see gure 2.6.

The classi cation of soils using CPTu data can be affected by the change in stress history, sensitivity, stiffness
and void ratio in the soil. The data can also fall within different zones of each chart and in those cases engineer-
ing judgment is important. Over 25 years of experience working with the Robertson charts has shown that they
compare well with soils classi ed as "ideal" but are less precise in structured soils. Therefore it is of increasing im-
portance to identify the structure of the soil. It has been proven that if the soils have a signi cant micro-structure it
in uences their in-situ behaviour (Robertson (2016)). For that, information about shear-wave velocity (V ) can be
very helpful as the small-strain stiffness (G () increases with aging and bonding in the soil. The small-strain rigidity
index (I g) inrelationto Q ¢, gives a good indication about the present micro-structure, see g 2.7.

The chart also references to the normalized rigidity index (K 7., see equation 2.12) which is useful for giving a
numerical indication of the micro-structure: if K /G < 330 the soils are likely young and uncemented with little or
no micro-structure and would classify as ideal. However, soils with K /G > 330 tend to have a signi cant micro-

structure and classify as "structured"-soils.
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Figure 2.6: Contours of soil Behaviour Type Index, | ¢, on normalized Q {-F; classi cation chart (Robertson (2009a)).

K™ 1o Q" 2.12)

In 2016 Robertson (2016) presented a new classi cation chart, based Q ¢ -F,, where boundaries separate ideal
soils by their soil type as well as their contractive or dilative behaviour at large shear-strains. Those boundaries are
plotted on top of the original SBTn chart, see gure 2.7. Subsequently, Robertson (2016) presented a modi ed SBT
index (I g) to go with the chart where the value of | g = 32 represents the approximate boundary from sand-like to
clay-like behaviour. Values higher represent coarser soil (sand/gravelly) and values lower than 32 represent ner
soil (clayey).

The information about the behavior of soils in shear prior to failure (contractive or dilative) can be of high
importance for the soil behaviour. Saturated soils that contract at large strains have a higher strength in drained
loading then the strength in undrained loading, whereas saturates soils that dilate at large strains generally have
the same shear strength in drained- and undrained loading (Robertson (2016)).

To get the optimized soil classi cation it is recommended to use charts shown in gure 2.7 together, if the soil
classi es as ideal. If the soil classi es as structured, caution is to be taken when using the empirical correlations
(Robertson (2016)).

The correlations with engineering design parameters can be relatively reliable for penetrations in sands and
clays, which occur under fully drained and undrained conditions, respectively. The uncertainty increases in "tran-

sitional" soils (i.e. clayey sands and silts, silty clays, silts and residual soil). These soils are characterized by partial
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Figure 2.7: Classi cation charts presented by Robertson (2016). Chart do identify soils with micro-structure (left)
and (right) the updated soil classi cation chart based on Q ¢, and F,. Solid lines show behaviour type boundaries
and dashed lines show boundaries suggested by Robertson (1990).

consolidation where some (not full) dissipation of excess pore-water pressure occurs locally around the penetrating
cone. Schneider et al. (2008) proposed three classi cation charts based on normalized cone tip resistance (Q ), the
pore pressure ratio (B ) and normalized excess pore pressures (U 2 = up/ 80). The charts emphasize on whether the
penetration is drained, undrained or partially drained, see gure 2.8. The three classi cation charts show exactly

the same "zones" though the parameters are plotted differently;

1. Log-log Q;:-U, space most representative for clays, clayey silts, silts, sandy silts and sand with no negative

penetration pore pressures.

2. Semilog Q;-U» spacewhich represents sands and transitional soils with small negative excess penetration

pore pressures.

3. Semilog Q;-Bq spacefor clay soils with large negative excess penetration pore pressures.

These tables presented by Schneider et al. (2008) give a new perspective on the soil classi cation as it also
gives information about the rigidity index (I ; on charts, | in this project) and consequently an idea about the
soil's plasticity. As the the plastic failure zone around the penetrating cone increases the rigidity index increases,
in uencing the generation of excess pore pressure and the coef cient of consolidation (c v) (Krage et al. (2004),
Schneider et al. (2008)).

Robertson (2016) proposed an update for this chart, using Q , and new SBT boundaries in relation to dilative-
or contractive behaviour, see gure 2.9. Positive values of U » tend to re ect large-strain contractive behaviour
whereas negative values of U re ect large-strain dilative behaviour. This chart is useful as a supplement to gure

2.7
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Figure 2.8: Soil classi cation charts based on drainage capability (Schneider et al. (2008)).

It must be noted that all the above mentioned charts are empirical and based on experience and results from
different sites, mainly in the USA and Canada (Robertson (1986), Robertson (2016)). Because of this engineering
judgment should be used when interpreting the data from the charts, and some adjustments/localization to corre-

late with sites under consideration might be necessary.

2.3 Soilidenti cation by other methods

2.3.1 DMT

The results from the DMT investigation can also be used to classify the soil. The material index (I p) works like
the soil behaviour index and can be used to classify the soil numerically. The boundary between sand and silt
lies at 1.8, soil with | p < 1.8 is classi ed as sand, soil with | p on the range of 0.6-1.8 classi es as silt and soil with
Ip < 0.1 classi es as clay (Marchetti et al. (2001)). | p, same as | is only a parameter re ecting the mechanical
behaviour/rigidy of the soil and therefore it can misinterpret some soils types. Therefore should the results be

taken with caution and only used for approximation.

2.3.2 USCS

To classify soil samples the Uni ed Soil Classi cation System (USCS) is the most common technique (Abrams et al.
(2001)). The system, developed by the US Army, is based on textural and plastic behaviour of the soil and indicates
how the material will behave as an construction material. The main properties used for the classi cation are listed

as follows (Clayton et al. (1995)).

Percentages of gravel, sand and nes (silt and clay), as well as fraction passing the No. 200 sieve (0.075 mm)

in a grain distribution/sieving test.

Shape of the grain size distribution curve from grain size distribution analysis
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