PEIKKO

WHITE
PAPER




o

10.

.

INTRODUCTION
SOIL MODULUS
21 Introduction
2.2. Modulus of deformation: general
2.3. Modulus: which one?
FACTORS INFLUENCING SOIL MODULUS
31 State factors
311 Particle packing and organization

312 Water content.

313 Stress history

© 00 00 00 00 00 00 00 N4 OO O O W

314 Cementation
3.2. Loading factors
3.21 Stresses and confinement

3.2.2 Strain level

3.23 Rate dependency

324 Number of cycles
3.25 Drainage

INITIAL (SMALL-STRAIN) TANGENT MODULUS

UNLOADING/RELOADING MODULUS

CONSTRAINED OEDOMETER MODULUS

6.1. Soil behavior in one-dimensional compression

6.2. Tangent constrained modulus formulation

6.3. Non-linear constrained modulus formulation for sand and silt

SOIL MODULUS FROM IN-SITU TESTING

7. Applicability of in-situ testing

72. Estimation of soil modulus from geophysical measurements

73. Evaluation of soil modulus from Cone Penetration Testing (CPT)
731 Coarse-grained soils

7311 Small strain shear modulus, 00
731.2  Young's modulus, E’

7.31.3 Constrained modulus, M.

73.2 Fine-grained soils
7.3.21 Constrained modulus, M.
7.3.2.2 Small strain shear modulus, G,)
74. Evaluation of soil modulus from Standard Penetration Testing (SPT)
741 Correction factors
74.2 Shear wave velocity evaluation based on SPT
74.3 Evaluation of soil modulus based on SPT
SOIL MODULUS DETERMINATION FOR FINNISH SOIL CONDITIONS
8.1 Coarse-grained soils
8.2. Fine-grained soils
STEP-BY-STEP PROCEDURE FOR THE DETERMINATION OF E,, AND E
91 General remarks and procedure flow
9.2. Determination of E; and E |
9.3. Applying determined modulus values to software with HS formulation

SUMMARY AND CONCLUSIONS

REFERENCES




AUTHORS:

Andris Bérzins
Ms. Sc. Ing.
Senior Manager

-7 Wind Energy Applications
] Peikko Group Corporation

e

Marco D’lgnazio
PhD

Specialist

Ramboll Finland Oy

Bruno di Bué

PhD

Specialist

Ramboll Finland Oy

Wind turbine size and power are growing yearly, and loads
on wind turbine foundations have been rapidly growing
and approximately doubling in the last 8 years. Thus
geotechnical design methods used in foundation design
should also improve to provide an optimal foundation
solution in terms of safety and cost.

The state-of-the-art geotechnical design method is non-linear 3D
soil numerical modeling with different mathematical models for
different soil types and problems to solve.

The Hardening soil small strain (HSS) mathematical model is one
of the best for wind turbine foundations and most soils in terms of
accuracy and safety.

Any numerical soil modeling is as accurate as the geotechnical
parameters selected and used in the calculations. The geotechnical
parameters shall be selected accurately and fit the design problem
to design a safe and cost-effective foundation model. The variability
of soils often makes geotechnical design and parameter selection
challenging.
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The Hardening soil small strain model requires many soil parameters
for each subsoil layer, and the full list is given in Table 1-1. Many
parameters are well-known and easy to measure or derive from
the literature, but some are less known and require more testing or
research. Table 1-1 has two parts — primary and secondary. Without
the primary part, the soil modeling won’t be accurate enough, while
the secondary part is also needed for modeling; it can be derived
from the primary part and literature. Additional notes to the main
parameters are given in Table 1-2.

This report presents a comprehensive study on soil modulus for
different soil types, ranging from granular (sand, coarse silt, moraine)
to cohesive (fine silt, clay) soils. The aim is to provide theoretical
and practical guidelines for practitioners to estimate soil modulus
for onshore wind turbine foundation design. The focus will be on
Young's modulus £ and secant modulus for primary loading at 50%
of the triaxial failure load £, secant unloading/reloading modulus
E, 1D constrained (oedometric) modulus £, and initial tangent
modulus at small strain G, or G,



The determination of soil modulus is not straightforward, as it depends,
among others, on several factors, including state factors (particle density,
water content, stress history, cementation) and loading factors (stresses
and confinement, strain level, rate effects, number of cycles, drainage).
Furthermore, an extensive set of laboratory and in-situ tests would be
required to appropriately characterize soil layers across a site.

Multi-layer non-linear soil behavior can be modeled more accurately by
non-linear soil material constitutive models such as hardening soil with
small strain stiffness compared to linear spring models. Linear spring
models cannot accurately take into account stiffness dependency on strain-
stress state, backfill effect soil push-out and other important factors, that
can lead to less accurate and competitive design, sometimes even wrong
design that may lead to problems during wind turbine working life-time.

The study will further investigate existing correlations between
measurements from in-situ methods (e.g. CPT, SPT, seismic measurements)
and design parameters. Moreover, correlations between soil modulus and

other laboratory geotechnical parameters will be investigated. Direct
measurements of properties by oedometric or triaxial tests are omitted in
this report as they are well-defined in the literature. Direct measurements
are usually the best option rather than correlations.

Values of modulus for different soil types are often presented in handbooks
without sufficient background information and explanation. This study aims
to clarify the differences between the different modulus in the literature
and provide recommendations for selecting soil modulus for Finnish soil
conditions from laboratory and in-situ tests and literature.

Chapters 2 to 6 explain the theory for different deformation modulus
and the factors influencing those. Chapter 7 overviews different site
investigation techniques and correlations with different deformation
modulus. Chapter 8 is specific to Finland, gives literature values according
to NCCI 7, and is most relevant for Finnish soil conditions. And chapter 9
summarizes parameter determinations in the flowchart.

Table 1-1  Parameters for non-linear HSS model.
Parameter Symbol Dimension
Primary parameters
Soil type - -
Layer thickness - m
Specific weight, no buoyancy 74 kN/m?
Specific weight, incl. buoyancy 7, kN/m?
i i i EY MPa
Drained secant modulus together with reference confinement 50
pressure p“’/ kPa
EY MPa
Stiffness modulus together with reference confinement pressure >
p kPa
Critical friction angle 1) deg
Poisson's ratio ” -
Cohesion c kPa
Secondary parameters
Dilatancy angle W deg
Power m _
ref
Oedometric tangent modulus, together with the reference Eo MPa
pressure P kPa
K, coefficient K(flc -
(if relevant) Pre-Overburden Pressure POP kPa
(if relevant) Over-Consolidation Ratio OCR -
E/ or G GPa
Initial Young modulus or initial shear modulus at reference stress o
p kPa
Threshold shear strain Yos -
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Table -2 Additional notes to parameters.

Symbol Notes
EY EN 1997-2 specifies the secant modulus £ . It can be measured by drained triaxial test directly or derived by methods explained in
50
the report.
E,fff It can be tested by triaxial test directly or derived by methods explained in the report.
E;Z, Oedometric modulus can be measured by an oedometric test or derived from methods explained in the report.
c In HSS modeling usually assumed 0 even for cohesive soils for drained conditions
% In WT foundation, HSS modeling usually assumed 0.2 even for cohesive soils
74 Usually assumed O or friction angle minus 30 for granular soils
m Power exponent is usually assumed 0.4-0.5 and can be measured by triaxial testing at different confinement pressures. Not to mix
with modulus number.
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One of the major reasons for soil to deform is mechanical loading
(settlement or rebound). In addition, environmental changes such as
changes in water content, temperature, ground water level, and chemistry
may also cause deformations. Deformations induced by loading/unloading
are governed by an appropriate stress-strain curve representing the soil
response to stresses.

The choice of a laboratory or in-situ test and reliable soil parameters to
study a particular deformation problem in the field is not easy. Ideally, the
laboratory test or the in-situ test shall aim to reproduce the deformation
condition of the soil in the field at the element level or global level.
For example, if the problem is a large wind turbine foundation over a
comparatively thin layer of compressible soil, consolidation (oedometer)
tests are often used to study the deformation behavior. Although the
rigid lateral boundaries in the oedometer tes-t do not exist in the field,
the confinement created by the friction between the thin clay and the
stiffer top and bottom layers shall minimize the lateral displacements,
well reproducing the boundary conditions within the consolidation ring.
The discrepancies between laboratory and field conditions may require a
correction factor in the calculations. As another example, if the problem
is a shallow foundation over a deep deposit, the lateral squeezing of the
soil is well represented by the horizontal deformation around, e.g., the
pressuremeter; thus, the pressuremeter is well suited to predicting the
settlement in such a case. In addition, the plate load test will provide
information on the stiffness of the soil layers, even though the zone of
influence of the test s limited to the very shallow part of the deposit because
of scale effects (i.e., small diameter). These approaches also require
correction factors to compensate for the lack of complete correspondence.

There are several ways to quantify the deformation characteristics of the
soil. One of the simplest is through a modulus of deformation. It should be
mentioned that not only soil deformation modulus affects soil deformation
but also soil strength characteristics, such as size and shape of yield
surface, evolution law of yield surface, flow rule of plastic deformation, etc.
However, this report will be focused on the deformation modulus.

Typical soil stress-strain curves are non-linear and depend on several
factors. The initial part of that curve can be approximated by a straight line,
whose slope can be related to the modulus of elasticity or Young’s modulus
E and Poisson’s ratio v.

Elasticity refers to the ability of a material to regain its original shape
when deformed by loading. This is often not the case with soils, as they
experience irrecoverable (plastic) deformations even at low stresses. Linear
elasticity refers to the assumption that the stress-strain curve is linear. This
concept is not fully applicable to soils, as they exhibit non-linear behavior
very early in the stress-strain curve at low strain levels. Nevertheless, a
constant modulus can be calculated from a stress-strain curve by using, for
instance, the secant line from the origin to a given point on the stress-strain
curve as in Figure 2-1 or the slope of an unload-reload cycle loop.

In the case of a triaxial test (Figure 2-1), for example, Young’s modulus £
is given by

E=(c,-0,)/¢,=q/¢ ()

where O; and O3 are the major and minor principal stresses, and
&, =¢&, (axial strain) is the major principal strain, and ¢ is deviatoric
stress.

In geotechnical engineering, besides Young’s modulus (E), shear
modulus (G) and constrained modulus (M) are also defined to best define
soil modulus for different applications. From the elasticity theory, the
relationships for G and M in terms of E are given as follows:

E
G=——"_
2(1+v) @

(1+v)
M:E(1+v)(]—2v) ©

where v is the Poisson’s ratio.

Figure 2-1  Modulus in triaxial compression (adapted from Briaud 2013).
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The stress-strain curve of soil, and therefore the soil modulus, is influenced
by state factors and loading factors. The state factors include soil density,
structure, water content, stress history, and cementation between particles.
The loading factors include stress level, strain level, strain rate, number of
cycles, and drainage conditions. Typically, a soil modulus increases with
increasing density, decreasing water content, when the soil has been
prestressed by overburden or desiccation, when cementation increases,
when the mean stress level increases, when the strain level decreases,
when the strain rate increases, when the number of cycles decreases, and
when better drainage takes place. These aspects are discussed in Chapter
3.

Due to the non-linearity of the stress-strain behavior, several modulus
can be defined from a triaxial laboratory curve, for example. Figure 2-2
and Figure 2-3 show idealized deviator stress g vs. axial strain ¢, curve
from a triaxial compression test. The deviator stress ¢ is defined as
q = o, - 0, where g, is the major (vertical) principal stress and o, is the
minor (horizontal) principal stress. The value of o, represents the triaxial
cell pressure applied to the soil specimen. The soil modulus £ is defined as
E = q/e,. as in Equation (1). As shown in Figure 2-2, if the modulus is
drawn from the origin to a point on the curve (0 to A), the secant slope £
is obtained. One would use such a modulus for predicting, for instance,
the movement due to the first load application, as in the case of a spread
footing. If the slope is drawn as the tangent to the point considered on
the stress-strain curve, then the tangent slope £, is obtained. One would
use such a modulus to calculate the incremental movement due to an
incremental load, as in the case of a movement due to one more story in
a high-rise building. If the slope is drawn as the line between points A and
B, then the unloading slope £ is obtained. One would use such a modulus
when calculating the heave at the bottom of an excavation or the rebound
of pavement after the loading by a truck tire (resilient modulus). If the slope
is drawn from point B to point D, then the reloading slope E_is obtained.
One would use this modulus to calculate the movement of the pavement
after reloading by the same truck tire. If the slope is drawn from point
B to point C, then the cyclic or unloading/reloading is obtained, and the
unloading/reloading modulus E is calculated from it. The £ is taken as
the secant modulus representing an unloading/reloading loop. One would
use such a modulus and its evolution as a function of the number of cycles
to calculate the movement of a pile foundation subjected to repeated wave
loading.

Ideally, a secant modulus should be determined for a stress and strain
range that best reflects the actual loading conditions. Moreover, regardless
of which modulus is defined and considered, the state of the soil at any
given time will affect that modulus.

Figure 2-2 Definition of soil modulus S. For o (in the plot) =g and ¢ = ¢ ,

S = E (adapted from Briaud 2013).
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Figure 2-3  Representative stress-strain-strength curve of soil in triaxial
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3. FACTORS INFLUENCING SOIL MODULUS

31. State factors

The state factors include particle packing and organization,
water content, stress history, and cementation.

311 Particle packing and organization

If soil particles are closely packed, the modulus tends to be
high. This is measured by the dry density (ratio of the weight
of solids over the total volume of the wet sample) of the soil,
for example, it can also be measured by the porosity (ratio of
the volume of voids over the total volume of the wet sample).
Besides dry density or porosity, soil structure will also affect the
modulus. For example, coarse-grained soil can have a loose
or dense structure; fine-grained soil can have a dispersed or
flocculated structure. While two soil samples can have the
same dry density, their structures and, therefore, their modulus
can be significantly different. This somewhat explains with
recovering a disturbed sample of coarse-grained soil in the field
and reconstituting it to the same dry density and water content
in the laboratory can reveal notable differences between the
laboratory and field modulus. (Briaud 2013).

31.2 Water content

The water or moisture content has a major impact because,
at a low degree of saturation, the water binds the particles
(especially for fine-grained soils) and increases the effective
stress between the particles through the water tension (suction)
phenomenon. Therefore, in this case, low saturation leads to
high soil modulus. This explains why clay shrinks and becomes
very stiff when it dries. For fully saturated fine-grained soils (clays
and silts), the modulus tends to decrease with increasing water
content. In relation to coarse-grained soils (silt, sand, moraine,
gravel), the compaction at a very low degree of saturation is not
as efficient as it is at higher saturation because the lubrication
effect of water is not present. Therefore, in this case, very
low saturation leads to low modulus. As the saturation and,
therefore, water content increase, water lubrication increases
the effect of compaction, and the modulus increases as well.
However, if the degree of saturation rises beyond an optimum
value, the water occupies more and more room and gets to the
point where it pushes the particles apart, thereby increasing
compressibility and reducing the modulus. (Briaud 2013).

313 Stress history

Another major factor affecting the soil modulus is the stress
history. A soil that has been preloaded in the past is called
“overconsolidated”. Preloading could come, for example, from
a glacier that has now totally melted, from drying and wetting
cycles, or from mechanical preloading. If the soil has not been
preloaded in the past, meaning that the current stress level is
the highest effective stress ever experienced by the soil, the
soil is “normally consolidated”. An overconsolidated (OC) soil
will generally have higher modulus than the same normally
consolidated (NVC) soil because the OC soil is on the reloading
part of the stress-strain curve, whereas the NC soil is on the first
loading part. Some soils are still in the process of consolidating
under their own weight. These so-called under-consolidated
soils are characterized by the fact that the deposition rate of
the sediments (e.g., in a river delta) is faster than the rate that
would allow the pore water pressures induced by deposition
to dissipate. These clays have very low modulus. (Briaud 2013).

314 Cementation

Cementation refers to the glue-like bonds that may exist at the
contact surface between particles. As mentioned above, a low
degree of saturation in fine-grained soils can generate water
tension strong enough to simulate a significant “glue effect”
between particles. Another glue effect is due to the chemical
cementation that can develop at the contact. This cementation
can be due to the deposition of calcium at the particle-to-
particle contacts, for example. Such cementation leads to a
significant increase in modulus. (Briaud 2013).

3.2.  Loading factors

In this section, it is assumed that the state factors for the
soil considered are fixed (unchanging). In other words, the
discussion of each of the following factors can be prefaced by
saying “all other factors being equal”. Also, in this section, the
secant modulus is used.
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3.21

Stresses and confinement

During a loading process, the applied loads induce stresses
in the soil. These stresses can be shear stresses or normal
stresses, or a combination of both. In undrained conditions,
the initially generated excess pore pressure will dissipate and
lead to an increase in effective stress. In drained conditions, the
applied load is transferred to the soil as effective stress. At any
given point and at any given time in a soil mass, there is a set of
three principal normal stresses, which are generally referred to
as ¢,, 0,,and o, . (total) o, or 5,,and o, (effective).

For triaxial conditions, o, =0,. The mean of these three
stresses is often referred to as ©,, or p' and is defined as
cy=r =(G;+O‘;+O‘;)/3-

The mean effective stress has a significant influence on the soil
modulus. This can be referred to as the “confinement effect”.
Figure 3-1 and Figure 3-2 illustrate three ideal stress-strain
curves at three different confinement pressures o, . Pressure
O ; represents the triaxial applied cell pressure at which each
sample is consolidated.

As shown, the higher the confinement is, the higher the soil
modulus will be. In particular, the two figures show the variation
of the secant modulus for primary loading at 50% of the
maximum deviator stress, known as E .

Figure 3-1  Triaxial compression stress-strain curves for different cell
pressures and influence on secant modulus at 50% of the
maximum deviator stress (£ ) (Mansikkamaki 2022).
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A common model for quantifying the influence of confinement
on the soil modulus is given in Equation (4) and is usually
attributed to the work of Kondner (1963) and Janbu (1963).

According to this model, the modulus is proportional to a
power law of the confinement stress. The modulus E;?/ is
the modulus obtained at confinement stress that is taken
equal to the atmospheric pressure P, or reference stress
P (=100 kPa).

The exponent S varies according to the soil type. A common
p-value for granular soils is 0.5, while it is =0 for clays. Typical
values of E;;f are 15-50 MPa for loose to dense sands
and 1-3 MPa for fairly soft, normally consolidated, or lightly
overconsolidated clays. Highly OC clays are stiffer.

-p
ref 0-3
E;, = E ( rgfj (4
p

Figure 3-2  Stress-dependent secant shear modulus £, from triaxial

compression tests (Mansikkamaki 2022).
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3.2.2 Strain level

The loading process induces strains in the soil mass. Since
soils are non-linear materials, the secant modulus depends on
the strain levels in the zone of influence. In general, the secant
modulus will decrease as the shear strain level increases due
to an increase in shear stress mobilization. This is due to the
downward curvature of the stress-strain curve.

An exception to this downward curvature occurs when the
results of an oedometer consolidation test are plotted as a
stress-strain curve on arithmetic scales for both axes. In this
case, the stress-strain curve is characterized by an upward
curvature. This is explained by the fact that the deviatoric stress
mobilization level stays constant due to the lateral constraint,
and volumetric strains cause a reduction in pore space, resulting
in a stiffer soil structure.

In a triaxial test, the resulting stress-strain curve can be fitted
with a hyperbolic model up to the peak value; the associated
model for this modulus is shown in Figure 3-3 and Equation (5).
(Duncan and Chang 1970). In this model, E, is the initial tangent
modulus, also equal to the secant modulus for a strain of zero.

The parameter s the asymptotic value of the stress for an infinite
value of strain and is related to the strength of the soil.

-1
E-= (i T fj )
E, s

Figure 3-3
N \

Impact of strain level on soil modulus (Briaud 2013).

3.23

Rate dependency

Soils are viscous materials, meaning that the faster a soil is
loaded, the stiffer its response is. In some cases, though, the
reverse behavior is observed. This effect can occur even
without significant drainage.

Figure 3-4 shows an example of two stress-strain curves
obtained by loading the soil at two different strain rates.

Strain rate is defined as the strain accumulated per unit of time.
The modulus usually varies as a straight line on a log-log plot of
modulus vs. strain rate.

The slope of that line is represented by the exponent 5 in
Equation (6). In clays, common values of this exponent vary from
0.02 for stiff clays to 0.1 for very soft clays. In sands, common
values of b vary from 0.01to 0.03.

The b values suggest strain rate to be more significant in fine-
grained soils, while for coarse-grained soils, the effect of strain
rate is normally neglected in practice.

N
E=E, [‘Z—ZJ (6)
1

Figure 3-4  Impact of strain rate on soil modulus (Briaud 2013).

o
£ >¢é

10 WHITE PAPER - SOIL MODULUS FOR ONSHORE WIND FOUNDATION DESIGN



3.24

Number of cycles

If the loading process is repeated several times cyclically, the
number of cycles applied will influence the soil modulus. With
reference to the secant modulus, the larger the number of
cycles, the smaller the modulus becomes (Figure 3-5).

This is consistent with the accumulation of strain with an
increasing number of cycles. A model that can be used to
describe this phenomenon is presented in Equation (7).

The exponent c in the model is negative and varies significantly.
The most common values are on the order of -0.1to -0.3.

Nevertheless, it is recommended to run cyclic soil tests to

evaluate the coefficient ¢, as cyclic response varies significantly
along with soil properties and cyclic amplitudes.

E=EN™ )

Figure 3-5
oA

Impact of number of cycles on soil modulus (Briaud 2013).
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3.25 Drainage

Drainage during loading will affect the soil response and,
therefore, the soil modulus. In general, one can refer to two
extreme cases that can occur: drained or undrained loading.
The undrained case may occur if the drainage valve is closed
during a laboratory test or if the test is run sufficiently quickly
in the field.

The time required to maintain an undrained behavior or to
ensure complete drainage depends mainly on the soil type
(permeability) and the length of the drainage path. For example,
a 10-minute test in high-plasticity clay is probably undrained,
whereas a 10-minute test in clean sand is probably drained.

The Poisson's ratio is also sensitive to drainage. For example,
if no drainage takes place during loading in clay, it is common
to assume a Poisson's ratio v, equal to 0.5 (no volume change).

In contrast, if complete drainage takes place (excess pore
pressure is kept equal to zero), then Poisson's ratio values of
0.2 — 0.35 (v) may be reasonable. It must be noted that the
shear modulus G remains theoretically constant and does not
vary with drainage. This is because the effective shear stress is
equal to the total shear stress.

Note also that the Poisson's ratio can be larger than 0.5 if the
soil dilates during shear associated with compression.




4. INITIAL (SMALL-STRAIN) TANGENT MODULUS

The initial shear modulus reflects small strain conditions and is, therefore, representative of situations where the applied load is only
a small fraction of the foundation failure load. For instance, dynamic (seismic) calculations shall be checked using a modulus value
compatible with small loads and strains (e.g., for earthquake or railroad vibration calculations). Actually, it is more accurate to always
calculate with a small strain stiffness procedure, and the software should use small strain stiffness in small strain regions, and in
regions with larger strains, use smaller stiffness.

This modulus is typically referred to as G, or G, . This is because the shear modulus G is more convenient than Young's modulus E.
Indeed, the shear modulus G does not require knowledge of Poisson's ratio, whereas E does.

The subscript "0" or "max" refers to the fact that it is the modulus at the origin and also the maximum shear modulus value one can
expect for the soil. Several expressions for G have been formulated. Hardin and Drnevich (1972) and Hardin (1978) proposed, for
all soil types:

G,. __ 0625 i (OCR)k A ®)
p, 03+0.7e P,

where p is the atmospheric pressure, e is the void ratio, OCR is the over-consolidation ratio, p’is the mean effective normal stress
(p'=(o,+0,+c,)/3), and k and n are exponents.

The exponent n is usually taken equal to 0.5, and k varies with the plasticity index (k¢ = 0.00, 0.18, 0.30, 0.41, 0.48, 0.50 for
1,=0, 20, 40, 60, 80, 100).

Figure 41 Initial shear modulus G, as a function of void ratio (after Benz 2007).
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For fine-grained soils, Andersen (2015) proposed a relationship between G and the undrained shear strength s, measured in
direct simple shear tests (note that this is roughly comparable to s, determined by field vane testing) as a function of the plasticity
index (]p; in %) and the OCR. The relationship is described by Equation (9) and illustrated in Figure 4-2.

©)

CrasSip = [30 To—L jOCR""”

1,/100+0.03

Figure 4-2  Initial shear modulus G, _normalized by undrained shear strength from direct simple shear tests (sf“ ) as a function of OCR and ]p (Andersen

2015).
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In the end, however, testing is the best way to obtain Gm. In the field, the tests that can be used are, among others, the cross-hole
test and the seismic CPTu. In the laboratory, the best test is the resonant column test, yet sample disturbance may lead to lower
values of G, ~compared to the field values. The field values come from testing a large, undisturbed mass of soil through wave
propagation, whereas disturbance has a much more pronounced effect on the small scale of the lab test. The contrary is likely true
for weathered rocks, where the sample is likely to be much stiffer than the rock mass (Briaud 2013).

The G, is linked to the shear wave velocity by the elasticity theory as:

G =PV (10)

max

Where G, is the shear modulus (in p ), V., is the shear wave velocity (in m/s), and p is the density (in kg/m?).

E, =2G, (I+v) ()

max

Thevaluesof G (G)orE (E)canbe obtained from undisturbed samples in the laboratory using a resonant column test, bender

max max

elements, or special triaxial apparatus outfitted with local strain measurements. Better yet, in-situ tests are more reliable because
they are unaffected by sample disturbance, stress relief, and small specimen size effects.

It is suggested that for Poisson's ratio in Eq. 11, v= v = 0.2 is used.

Typical Poisson's ratio values for drained conditions range between 0.2 and 0.35 for a wide range of soils (e.g., Briaud 2013).
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In undrained conditions, v = 0.4-0.5. A value of v, = 0.5 corresponds to constant volume deformation as assumed in undrained
conditions. Lower v values (< 0.15) are observed for very loose sands and very soft clays (Briaud 2013) or generally at very small
strains.

Figure 4-3 shows the evolution of Poisson's ratio as a function of strain in a drained triaxial test on an overconsolidated clay
specimen. Values of v < 0.10 are observed at ¢, <10, reaching a steady value already around ¢, = 10°. For onshore wind gravity-
based foundations, the strains reached during primary loading are generally > 102 (0.1%), suggesting the use of v > 0.1.

A Poisson's ratio of 0.1 may be used at very small strains to determine e.g. E, _from Equation (12).

Figure 4-3  Incremental Poisson's ratio from drained triaxial compression test on overconsolidated clay (Lansivaara 1999).
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The initial tangent shear and Young's modulus can be used directly when strains are small ¢ < 10° (e.g., dynamically loaded
foundations, site amplification for low-intensity ground motions); however, in many cases, a modulus reduction factor (MRF) must be
used to adjust the value of shear or Young's modulus to the appropriate level of strain (¢ or y) or mobilized stress (¢/q,  or @z, ). For
cyclic loading, the use of resonant column tests can be used to obtain the shear modulus reduction curve.

For monotonic (i.e., static) loading, torsional shear tests and special triaxial tests with local strain sensors provide the MRF curves
for each soil. For empirical estimates, MRF values for cyclic loading may be found from well-known modulus reduction relationships
(e.g., Vucetic and Dobry 1991, Darendeli 2001). A recent method for MRF curves for both monotonic and cyclic loading of clays is
presented by Vardanega and Bolton (2013).

For first-time monotonic loading of soils, the MRF trend in Figure 4-4 is shown in terms of mobilized stress, which is the reciprocal of
the safety factor: /FS = ¢/q, =7/t . The data are derived from undrained and drained resonant column-torsional shear tests and

m

specially instrumented triaxial tests conducted on sands and clays. An algorithm that expresses the trend is given by the following:

MRF =1-(q/q,,) =1-(t/z,, ) =1-(1/FS)* (12

where
g = fitting parameter
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For an initial estimate, the exponent g generally takes a value of approximately 0.3 for uncemented sands and inorganic clays of low

sensitivity. Thus, the relevant value of G (similarly for E) for a particular problem can be obtained from the following:

G = MRF G,

For instance, at 50% of T

Figure 4-4

or E/E

Modulus Reduction Factor = G/G

max

max

assuming g=0.3,G,,=019 G

(13)

max"

Modulus reduction factor of sands and clays in drained and undrained loading expressed in terms of mobilized strength (Mayne 2007).
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5. UNLOADING/RELOADING MODULUS

Figure 5-Tillustrates how the unloading/reloading modulus £, is not constant and varies according to the amplitude of the unloading/
reloading cycles and strain level. It should be mentioned that £ is used not only in unloading-reloading cycles but is used more
generally in the HSS model to calculate elastic strains. Therefore, this parameter affects and governs the soil's elastic part and will
affect it results even if there are no unloading/reloading cycles.

While triaxial test data are ideal for obtaining E , in-situ tests such as the pressuremeter test are known to provide unloading/
reloading modulus. However, the pressuremeter test is not used in Finland, while tests such as plate load test and falling weight
deflectometer are used in road constructions. In the absence of laboratory data, £ can be estimated based on Figure 5-2, based
on the empirical relation proposed by Alpan (1970). The relation relates the so-called "static" modulus E_ to the "dynamic" modulus
E . The static modulus can be considered as £, obtained at engineering strain levels (¢ = 10, whereas E, can be considered as
= E , corresponding to the initial or small-strain modulus defined in the previous section (Alpan 1970, via Obrzud and Truty 2018).

Figure 51  Definition of unloading-reloading modulus from triaxial compression test (Mansikkamaki, 2022).
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Figure 5-2  Approximative relation between" static" soil modulus (here £ = E ) and" dynamic" modulus £, corresponding to E, proposed by Alpan (1970).
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Typically, when E, or E_cannot be directly determined from experimental curves, it may be relevant for many practical cases to
assume (Obrzud and Truty 2018):

E
=216
E (14)

Higher ratios can be assumed for loose sands (3 to 6) or clays (5 to 10), whereas lower for dense sands (2 to 4) or crushed
aggregates (= 2). Well-compacted aggregates typically exhibit even lower ratios. The compaction has, however, resulted in an
"overconsolidated" soil state, so any subsequent loading may actually be considered a reloading event.

6. CONSTRAINED OEDOMETER MODULUS

6.1. Soil behavior in one-dimensional compression

For a non-linear response, like in most soils, the resistance to action is generally defined as the tangent of the action-response
curve. The tangent value will, therefore, vary with the action (Janbu 1998).

Figure 6-1 shows four different stress-strain relationships from 1D oedometer consolidation tests, all in arithmetic scale. The stress
o represents the vertical effective stress o, or &, . The diagrams represent:

a) an overconsolidated clay, where o, >a,, (OC)

b) silty sand at in situ porosity, approximately normally consolidated (NC)

c) anintact sample of a cemented moraine, a shale, or a sedimentary rock

d) a sample of intact, fairly undisturbed, sensitive clay with a loose, porous structure, easily collapsible for increasing o

around O'; .
Figure 6-1  Typical stress-strain curves from oedometer tests. Arithmetic plots (Janbu 1998).
a) Clay b) Sand ¢) Rock d) Quick clay
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o o o
c c c
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Figure 6-2  Typical M —o relationships from o —& curves obtained by oedometer tests (Janbu 1998).
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The value of the tangent modulus M is plotted in Figure 6-2 as a function of the effective stress ¢ . All four diagrams show that M
depends on o . In particular, the M — o' variation appears to change character around a certain stress range, denoted G; = pre-
consolidation pressure. Consequently, there is one trend of behavior for o~ < G; (the OC range) and a different trend for &' > oc'

(the NC range).

The change of the M/ — g pattern is most dramatic for sample (d) in Figure 6-2, representing the sensitive or extra-sensitive soil.
For o < 0';, the M, -value is fairly constant and relatively high. When o just passes G;v the M-value drops dramatically to
approximately 20% of M, . Given that M is primarily caused by an internal shearing resistance within the grain structure, this implies
that the grain structure loses most of its internal resistance when & > o . In other words, the grain structure collapses (at least
partly) and/or loses most of its internal rigidity due to the breakage of contact points between mineral grains. These "cemented"
particle contacts have been established over geological time periods (Janbu 1998).

Figure 6-1 and Figure 6-2 indicate that G; shows up as a change in the shape of the arithmetic curves (0" —g)and (M —c).

6.2.  Tangent constrained modulus formulation

In practical engineering, it is possible to use one simple formula for M = f(o-') to cover all the variations indicated in Figure 6-2.
The idealized formula is:

' 1-B
M = mp™ ("—fj (15)
p

where:

M  =tangent modulus (kPa, MPa)

p'Y =reference stress =100 kPa = 1 atm

o =intergranular pressure, i.e. effective vertical stress (kPa, MPa)
m = modulus number (dimensionless)

[ =stress exponent (dimensionless)

The four main categories of }f —g' variations can be described by this one generalized formula, exemplified by four p-variations,
namely:
«  M=mpY=M, = constant for § =1, corresponding to overconsolidated soil (G, > G;) denoted OCS or EE (equivalent
elastic)
. M= m(o’ -p’ef )0'5 for f=0.5, corresponding to normally consolidated sand, denoted NCS, for o > G; . In silty sandy soils
(NC), the p-value may typically range between 0.4 to 0.65, so £ = 0.5 should be considered an average choice for practical
purposes only.

. M=mo for = 0 corresponding to normally consolidated clays, NCC. Here, the meaning of the modulus number is very
clear, as the slope of the M —o line is equal to m.

’ ' 0.5
e M= mo (G p’ef) for f =-0.5, corresponding to normally consolidated extra-sensitive clays, NCES. For Scandinavian
sensitive clays, the f-value may range from -0.3 to -0.5.

Figure 6-3 shows how a variable f from -0.5 to +1 can cover all mineral soils from rock to very porous and extra soft soils. Generally,
[ decreases as the porosity of the granular medium increases.

Figure 6-4 shows clearly that it is the modulus number, m, that gives the order of magnitude of the modulus M. The m-value ranges
from a low of m =2 to 5 for n = 80% to 90%, via m =10 to 100 for n = 50%, and further on to m =104 to 106 for n = 5 to 10%.
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Figure 6-3 a) Tangent modulus versus stress and b) stress exponent for a range of soils (Janbu 1998). Note that here instead of g, the letter a is used.
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Figure 6-4 Modulus number as a function of porosity for a range of soils (Janbu 1998).

10° 5
o Rock
& Moraine
10° o Sand T
~ Silt
o Clay
310
g
3
N
£ 10°
S =045
§ K = 0.35 }Fine sand
T
g 10 Norw. clays
Mexico clays
10
1 T T T T T T T T T
0 50 100

Porosity, n, 5

For normally consolidated clays with =0 and M = mo' (NCC), m = 8-25 for soft to medium clays (water content w = 70-25% or
porosity n = 65-40%) (Janbu 1998).

For normally consolidated silty-sandy soils, with £ = 0.5 and m(o' -p’ef )0'5 (type NCS), typical m-variations for loose to dense states
are found as follows:

m =50-100 (silt)

m =100-500 (sand)
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For overconsolldated clays W|thﬁ 1, the generalized formula gives M =mp™ = constant (type OCC). This means that M is independent
of o = o-o +q when o, >> 0'0 + ¢ . Experience has shown that the value of M,

MOC = mcac

where m_= f{w) as in clays. Since most OC clays have low water content (< 25%), it means that m = 25-50.

For saturated clays, Janbu (1998):
m =700/w, (uncertainty 30%)

Karlsrud and Hernandez-Martinez (2013) proposed the relationships in Figure 6-6 based on high-quality samples for Norwegian

sensitive clays.

(16)

30

IS uniquely expressed as (Janbu 1998).

Relationship between modulus number for primary (virgin) loading and natural water content (Janbu 1998).

[N}
=}

~
S
1

Modulus number, m

0 .

40

In situ water content, w, %

Figure 6-5
30

g

$ 20

~

g

S

<

E

3

S 10

S

0 T
20 30

Figure 6-6

Hernandez-Martinez 2013).

50 20 30
In situ water content, w, %

40

Relationship between modulus number for primary (virgin) loading and natural water content for Norwegian sensitive clays (Karlsrud and

50

45

40

35

30

g 25

20

15

10

m ost<]S

o st>15
— = m =410 (w)*"
— m =319 (W)’
————— m =250 (w)?’7°
—————— Upper limit, Janbu (1985)
————— Lower limit, Janbu (1985)
= Range of m-values

——

50 60 70
w (%)

20 WHITE PAPER - SOIL MODULUS FOR ONSHORE WIND FOUNDATION DESIGN

80




6.3. Non-linear constrained modulus formulation for sand and silt

The constrained modulus is non-linear and also depends on the stress history, i.e., virgin loading versus unloading and reloading.
The constrained tangential modulus can be expressed by the following non-linear formulation (Andersen & Schjetne 2013):

vl o)
M, =mp f( ,ef] (17)
p

' n ' My

O-v max O-v

M, =mp" | ===\ m,| = (18)
p Gv,max
O" n 0" .

M, =mp” = m | (19)
p O-v,max

where

1. M, M, M are the tangential constrained modulus for first loading (virgin), unloading, and reloading, respectively
2. m,m,m_ are the constrained modulus numbers for first loading (virgin), unloading, and reloading, respectively
3. n,n,n arethe exponents for first loading (virgin), unloading, and reloading, respectively

4. pY=p, =atmospheric pressure (100 kPa)

5 G‘:, is the vertical effective stress

6

O, . IS the maximum vertical effective stress prior to unloading
The formulation for virgin loading was proposed for sand by Janbu (1963), who used an exponent of n = 0.5. A modification to this
exponent is proposed by Andersen (2015).

Andersen & Schjetne (2013) presented parameter correlations for sands and silts for the proposed formula. The modulus number
for virgin loading can be defined as a function of water content and fines content, as shown in Figure 6-7.

Figure 67 Modulus number for virgin loading for sand and silt as a function of fines content and water content (Andersen 2015).
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Andersen (2015) suggested correlations for unloading and reloading modulus numbers m and m_as a function of ml as illustrated
in Figure 6-8. The correlations are valid for exponent values of n,= 0.65, n, = 1.05 and n_= 0.1. The average ratio between modulus
numbers for unloading and reloading is 2.87, with a standard deviation of 0.78.

Figure 6-8
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Modulus number for unloading (left) and reloading (right) as functions of modulus number for virgin loading (Andersen 2015).
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1.
71.

SOIL MODULUS FROM IN-SITU TESTING

Applicability of in-situ testing

Table 7-1 presents a summary of the current perceived applicability of the major in-situ tests: the Cone Penetration Test (CPT), and
its recent variations (e.g., CPTu and SCPTu), have the widest application for estimating geotechnical parameters over a wide range
of materials from very soft soil to weak rock. In contrast, the Standard Penetration Test (SPT) has less applicability and accuracy in

evaluating soil parameters.

It is worth noticing that seismic tests (e.g., SCPTu, SDMT) are considered the most reliable in-situ testing to derive the soil stiffness

parameters as they link the stiffness parameters to the measured shear wave velocity. This aspect is discussed in section 2.

Table 7-1 Perceived applicability of in-situ testing (Mitchell et al., 1978 and Lunne et al. 1997).
Geotechnical Parameter Ground Type

Group |  In-situ Test § 2 <= S R e o S g g - § 5 2

3/ & S8 8 v el s Y Y elg 88 228

n T n n °
Dy. ProbingtoP) | ¢ | B | - | ¢c|c|c|c|c¢c | - | - -] -]-]c|B|A|B|B
- SPT B B - C B C C C - - - - C B A B B
é CPT B A - B B B B B C C C - - B B A A A
E CPTu A A A B A B A B C B A A - B B A A A
% SCPTu A A A A A B A A B B A A - B B A A A
g DMT B B B B C B B B C B C B - C C A A A
g SDMT B B B A B B B A B B C B - C C A A A
= Full-flow (T/ball) C B B B C C A C C C C C - - - C B A
Field vane (FVT) B|c | - | B | - - A |- - - - - - - - - | A | B
b Pre-bored B B - C C C B B C C - C A A B B B B
% ‘é Self-bored B B A B B B B A A B B A - C - B A B
e Full-displacement | B B B C C C B A A B B A - C - B A A
Screw/plate load C - - B C C B B B B C C C A B B B B
Borehole shear C - - - - B C - - - - - C B C C C -
_q:, Permeameter C - A - - - - - - - A B A A A A A B
S | Borehole seismic | € C - B C - - A C - - - A A A A A B
Surface seismic - C - B C - - A C - - - A A A A A A
Hydraulic fracture | - - B - - - - - - - C C B B - - B C

Applicability: A = High, B = Moderate, C = Low, - = None

Geotechnical parameters: u, = in-situ static pore pressure, OCR = over-consolidation ratio, DR_W = relative density and/or state
paremeter, ¢’ = peak friction angle, s, = undrained shear strength (peak and/or remolded), G -E = small strain shear and/or Young's
modulus, o-¢ = stress-strain relationship, M-C, = constrained modulus and/or compression index, k = permeability, ¢ = coefficient of

consolidation.

o' will depend on soil type; ' only when pore pressure sensor fitted.
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Geophysical investigations are considered one of the most reliable in-situ testings to estimate the soil stiffness parameters (Table 7-1).
There are several geophysical investigation methods used in subsurface exploration which provide the shear and/or compression
v, vp) waves measurement profiles. The aspects related to testing methods and procedures will not be discussed herein as this is
beyond the scope of the present report.

The shear wave velocity (v) is directly related to the shear modulus and can be used to obtain G, and, in turn, use that to derive
Emax (see Chapter 4)

The compression wave velocity is greater than the shear wave velocity, with the ratio depending on Poisson's ratio of the material.
Because the strain levels associated with the propagation of seismic waves through the ground are very small for most seismic
methods, the constrained and shear modulus correspond to the initial tangent (i.e., maximum) stiffness. These simple, fundamental
equations are the basis of one of the most attractive features of seismic methods. In-situ compression and shear wave velocity
measurements may be used to directly measure the small-strain modulus of soil and rock, which are useful for evaluating
deformations related to serviceability limit states.

In saturated soils, the measured compression wave velocity often reflects the properties of the pore fluid in the voids (Allen et
al. 1980). As such, measurements of compression wave velocity in saturated soils are often of limited value for determining the
properties of the soil itself. In these cases, the shear wave velocity is a more useful quantity because it is mostly unaffected by
the presence of fluid in the voids.

Table 7-2 summarizes the correlations between the soil stiffness modulus and shear wave velocity.

Table 7-2 Correlations between the soil stiffness modulus and compression and shear waves velocity.

Parameter In-situ test Soil type Interpretative Relationship Reference
G, . Geophysical Al G, . =pvi Elastic theory
E . Geophysical All o =2G, (1+v) = 2(p,vf)(1+v) Elastic theory
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Most piezocone penetration testing (CPTu) systems today includes cone tip resistance (g ), sleeve friction (f)), and pore pressure
measured behind the sleeve (u,). The addition of shear wave velocity (v) is also becoming increasingly popular and useful (seismic
CPTu, SCPTu), particularly for evaluating the soil stiffness parameters. It is important to take into account the correction of the

measured qc for unequal end area effect:

q,=q.+(1-a,)u, (20)

Robertson (1990) proposed using normalized cone parameters, O, F, Bq, to estimate soil behavior type, where:

Qt = (q’_—c"o) (21)

Gvﬂ

I

F = S
' (‘]z _Gv()) 22
B, = (e =t) 22)

4,—0,9
Where:

0, =in-situ total vertical stress;

0,, =in-situ effective vertical stress;

u, = in-situ equilibrium water pressure;
A, = excess porewater pressure = (u,-u,).

Figure 7-1 Basic setup and equipment for piezocone testing.

... Cone Truck
(20 tonnes)

Ground surface
rods depth rods (d = 36 mm) in
. lectri recom’erli z / one meter lengths
Electronic electric
i cable —» d =36 mm
p zejoconte —» < d=36mm Constant push
penetrometer or 44 mm ﬂ rate of 20 mm/s
~_
~.
~.
~.
S~
enlarge
pore water pressure =u, = > o penetrometer
measured cone resistance = q., recording every

1 or 2 seconds
total cone resistance = q,= q .+ (I-a,, ) " u,

where 0.35 <a < 0.90 depends on equipment

Source: Paul Mayne
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Robertson et al. (1986) and Robertson (1990) introduced a Soil Behavior Type (SBT) to identify the soil behavior based on the
measured CPTu (SBT) and normalized CPTu (SBTn) data. The charts are illustrated in Figure 7-2.

Figure 7-2 Soil Behavior Type (SBT and SBTn) chart (Robertson 2009).

SBT plot SBTn plot
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SBT Zone Proposed common SBT description

1 Sensitive fine-grained
2 Clay - organic soil
3 Clays: clay to silty clay
4 Silt mixtures: clayey silt to silty clay
5 Silt mixtures: silty sand to sandy silt
6 Sands: clean sands to silty sands
7 Dense sand to gravelly sand
8 Stiff sand to clayey sand*
9 Stiff fine-grained*

* Oversonsolidated or cemented
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Jefferies and Davies (1993) introduced a soil behavior type index [ :

0.5

1.=[(347~10g0, )’ +(logF, +1.22)' | (24)

This parameter is extremely useful for identifying the soil type and behavior: as an example, I < 2.6 indicates coarse-grained soils,
while I > 2.6 identifies fine-grained soils (Figure 7-3).

Figure 7-3  Contours of I, on normalized Soil Behavior Type (SBT) chart (Robertson 2009).
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The CPTu provides a fairly good estimation of the shear modulus in soils at low shear strain levels (< 10* %). Robertson (2009)
proposed a chart using the shear wave velocity, v, contour on top of the SBT chart to estimate G, based on the small strain shear
modulus number K . where:

G, =K;p, (G\Lo !/ p, )" (25)

Where p_is the atmospheric pressure and n is a stress exponent, which can be assumed to equal 0.5 for coarse-grained soils.
Similarly, G, can be estimated based on the net cone tip resistance, such as:

G,=04(q,-0,,) (26)
where o, is the shear modulus factor.

Robertson (2009) proposed a contour chart based on the Soil Behavior Type (SBT) classification to estimate both K and ¢, from
the CPTu data (Figure 7-4).
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Figure 7-4  Contours of small strain modulus number, K (thick solid lines), and modulus factor &, on normalized SBTn Q, — F, chart for uncemented
Holocene- and Pleistocene-age sandy soils (After Robertson, 2009).
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In addition, it is possible to estimate G, for young, uncemented soils using:

G, =0.0188[10° (g, —o,) @)

Which provides a simplified means to estimate G, over a wide range of soils. These relationships are less accurate in the case of
fine-grained soils as f,, and hence F , is strongly influenced by soil sensitivity.

Rix and Stokoe (1991) proposed a correlation for quartz sands with the CPT point resistance g :

G 0.25 f 0.375
nar 290(‘]—6] (G—M] (28)
pa pa pa

where 0,, is the mean effective stress.

7.31.2  Young's modulus, E'

The drained Young's modulus E’is linked to the shear modulus as:

E =2(1+v)G (29)

Where v is the Poisson's ratio, which ranges between 0.1 and 0.35 for most of the soils in drained conditions, thus giving:
E ~25G (30)
In addition, it is possible to estimate E’ from G,. For this purpose, there is a need to adjust the G, to a strain level appropriate to

the design purposes. Fahey and Carter (1993) and Mayne (2005) suggested a simplified approach to estimate Young's modulus for
many design applications in simplified elastic solutions:

E ~0.8G, (31)
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Using this ratio, corresponding to =0.1% strain, Robertson (2009) and Robertson and Cabal (2015) proposed two correlations to
estimate £’ based on CPT data, such as:

E =K,p, (G;o /P, )" (32)
E=a,(q,-0,) (33)

Where K is Young's modulus number while a,. is Young's modulus factor a,, both factors can be derived from the SBT contours chart
illustrated in Figure 7-5.

Figure 7-5  Contours of Young's modulus number, K (thick solid lines) and modulus factor &, on normalized SBTn Q, — F_chart for uncemented Holocene-
and Pleistocene-age sandy soils (after Robertson, 2009).
' — P 0.5
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aE:Z I '

]0007 1 \'\\\\\\
] ’,' 1600

100

~
S

Normalized cone resistance, O,

1 T T TTrT
0.1 1 10

Normalized friction ratio, F,

E’:ali' (ql-o-va)

In addition, Robertson (2009) proposed a CPTu based correlation to estimate £’ for uncemented, predominately silica-based soils
of either Holocene or Pleistocene age (I < 2.6):

E =0.015[ 10" |(g,~0,,) (34)
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Robertson and Campanella (1983) proposed a relationship between the cone tip resistance ¢, from CPT and the drained secant
modulus E,, and E,, for sands (Figure 7-6).

Figure 7-6  Cone resistance g, versus secant £, and £, modulus for sands (after Robertson and Campanella 1983).
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Several additional correlations have been proposed in the literature. They are summarized in Table 3.1.

7.31.3  Constrained modulus, M

Existing correlations between constrained modulus M and cone resistance typically have the form:

M=a,(q-o0,) (35)

The factor a,, varies with soil type, plasticity, and natural water content. Mayne (2007) proposed «,, values ranging between 1 and
10, where the low values apply to soft clays.

Robertson (2009) suggested the following simplified correlation for coarse-grained soil (/, < 2.2):

a, = 0.03 |:10(0.55IC+1.68) ] (36)

Table 7-3 summarizes the most common correlations to evaluate the soil stiffness modulus in coarse-grained soils based on CPTu
data.
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Table 7-3 Summary of soil modulus correlations from CPTu for coarse-grained soils.

Parameter In-situ test Soil type Interpretative Relationship Reference

G, =K;p, (0-;0 !p, )”

Where:
G, CPT Coarse-grained soils K small strain shear modulus number determined from Robertson (2009)
CPTu data (Robertson 2009)

p,: atmospheric pressure

n: stress exponent (= 0.5 for coarse-grained soils)

G, =a; (qt _Gvo)
Where:
a,: shear modulus factor determined from CPTu data
(Robertson 2009)
q,: corrected cone tip resistance

G CPT Coarse-grained soils Robertson (2009)

_ (0.551,+1.68)
G, =0.0185[ 10 |(4.-2.,)
Coarse-grained soils
G, CPT (1.<2.60) Where:
1 soil behavior type index
g, corrected cone tip resistance

Robertson (2009)

E = Kyp, (G\If() !Ip, )”

Where:
£ CPT Coarse-grained soils K,: Young's modulus number was determined from CPTu Robertson (2009)
data (Robertson 2009)

p,: atmospheric pressure

n: stress exponent (= 0.5 for coarse-grained soils)

E =0 (qt _Gv())

E' CPT Coarse-grained soils Where: . Robertson (2009)
a,: Young's modulus factor determined from CPTu data

(Robertson 2009)
q;: corrected cone tip resistance

E =0 015[10(0.551,”.68):I(ql _Gvo)

Coarse-grained soils

E' CPT (I <2.60) Where: Robertson (2009)
¢ 1: soil behavior type index
g, corrected cone tip resistance
E CPT Clays, silts, sands E =5(q,-0,,) Mayne (2007)
E' CPT Sandy soils (normally E =(25t05)q Briaud (2013)
consolidated) < 100 years ’ ¢
Sandy soils (normally :
E CPT consolidated) > 3000 E =(3.5106)q, Briaud (2013)
years
E' CPT Sand: ¢, <5 MPa E = 2q. Briaud (2013)
E' CPT Sand: ¢, > 10 MPa E = 1.5q. Briaud (2013)
M = aM (qt _le])
M . .
) CPT Coarse-grained soils Where: Mayne (2007)
5<a,<10
M = aM (qt _o-v0)
Coarse-grained soils .
Where:
M, CPT (I <22) Robertson (2009)

a, =0. 03[10(0,551C+1.68):|
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Note:

a) p, = atmospheric pressure (= 1 bar =100 kPa)

73.2 Fine-grained soils

7.3.21 Constrained modulus, M

Robertson (2009) proposed a contour of the constrained modulus number, K, , on the normalized SBT chart, giving the possibility
to estimate M as:

M=K,p, (0_;0 /P, )a (37

Where a is the stress exponent, which is equal to 1 for stresses above the pre-consolidation stress and equal to O for stresses below
the pre-consolidation stress, thus obtaining:

M=K,p, (38)

Figure 7-7 Contours of constrained modulus number, K, on normalized SBTn O, — F’, chart (after Robertson, 2009).
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For fine-grained soils, K, varies between 5 and 100 (zone 1,2, 3).

As previously observed, existing correlations between M and the cone resistance typically have the form:

M=a,(q,-0,) (39)

Exploiting the data from fine-grained soils, Mayne (2007) indicated values of a,, varying between 1and 10, where the lowest values
apply to soft clays. Di Buo et al. (2018) suggested values varying from 5 to 10 for Finnish clays.

Robertson (2009) proposed the following o, values for fine-grained soils:

a,=0, whenQ <14
a,=14 whenQ >14
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which provides fairly good estimation when compared with laboratory data from different soft clays sites.

Table 7-4  Summary of constrained modulus correlations from CPTu for fine-grained soils.
Parameter | In-situ test Soil type Interpretative Relationship Reference
Fine-grained soils M=K, p, (Gvo /p")

M CPT o, >0, Where: Robertson (2009)
K, constrained modulus number
a="1forov>ap

Fine-grained soils
M CPT o, <0, M=K,p, Robertson (2009)
M M=ay(a-cu) Mayne (2007
PT Fine-grai il
C ine-grained soils Where: ayne ( )

1<a,<5

M M= (g,=0u) Di Bud (2020

PT High itive cl i But
C igh sensitive clays Where: i Buo ( )
5<aq,<10
M = aM (qi _O-vl))
M CcPT F'"e'gri”;ezd) SOIIS | Where: Robertson (2009)
o a,=0, whenQ, <14

a,=14 whenQ, >14

7.3.2.2 Small strain shear modulus, GU

For clay, Mayne and Rix (1993) proposed:

G 0.695
max_ _ 100(q_cj e—1.13
pa pa

where e is the void ratio.
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One of the oldest and most widely used in situ tests is the SPT. The SPT test is generally used to estimate the shear strength
parameters of sandy soils and overconsolidated clays. It is unreliable for soils containing course gravel, cobbles, boulders,
cohesionless silts, and soft and sensitive clays. Figure 7-8 depicts the general layout of the SPT using a hammer system, drill rods,

and split-spoon or split-barrel sampler.

The basic testing procedure consists of driving a hollow steel tube with an outside diameter of 2.0 in. (51 mm) and an inside diameter
of 1.38 in. (35 mm) into the ground at a vertical distance of 18 in. (46 cm) and counting the number of blows required to drive each
6-in. (15-cm) increment. The first increment is considered a seating of the sampler. The blows obtained for the second and third
increments are summed to give an N-value, which is reported in blows per foot (bpf). The test is typically conducted at 5-ft (1.5-m)
depth intervals. At shallow depths of less than 10 ft (3 m), the depth intervals are often less (e.g., 2.5-ft [0.75-m] intervals).

Figure 7-8  SPT setup and procedure.

Hammer blows
Ground surface rate =1 per sec

Anvil
Rods

AW

Automatic ~ Safety  Donut  Pinweight  Hammer

Frontal view
Outside diameter
d, =50 mm (2 in) I
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(blows/foot)

Opening inside diameter
d = 38mm (17 in)

\ Count blows to drive sampler:

mass = 64 kg
(140 Ibs)

Drop height
=76.2cm
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Pi 7 .
rofile view Corrected SPT resistance

N = measured SPT resistance
N, = (ERGON,,
= energy-corrected SPT value
ER = energy rating (%)
per (ASTM D 4633)

1. 150mm (6”) - seating (I*' increment)
2. 150 mm (6”) - 2" incr: } el

3. 150 mm (67) - 3% incr. S 25"

=N

4. Pull out split spoon to get sample

Most of the SPT based correlations available in the literature are based on the N60 reference value, which takes into account the

average energy efficiency of SPT, and it is defined as follows:

m

ER
Ny =CgN,, = (%j N, (41

where:
C, = correction factor for hammer energy
N =measured blow count

In addition to hammer energy (C,), the N-value is also affected by factors such as borehole diameter (C,), rod length and type (C,),
and sampler configuration (C,). Therefore, the corrected N is calculated by adjusting the measured blow counts using the following

relation:

Ny = CCCC6N,, (42)

Approximate values for the various correction factors are given in Table 7-5.
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Table 7-5 SPT correction factors for field procedures.

Parameter Influencing variable Field case Factor values
Depth effect due to increasing _
effective overburden stress Ty =1 atmosphere .
C, , =1.013 bars = 101.3 kilopascals Cy= (6,,,,,, /GV0)0.5 <2
(%) =1.058 tsf = 14.7 psi
C, - ER/60 CEC= 1_.0 to 1.6; (Hammer type: a.utomatic)
= 0.8 to 1.3; (Hammer type: safety)
C where ER = hammer energy Hammer Type £
2 tio (ASTM D4633 C,=0.6 to 0.8; (Hammer type: donut)
ratio ) C,=0.5to 0.7; (Hammer type: pinweight)
CB =1.0;(25<bh<45)
C, Borehole diameter (b, inches) Borehole diameter C,=105(=6)
C,=115(b=8)
. . C_=1.0; (with liner)
- - N
C Split-barrel sampler Split-barrel sampler C,=12 (no liner)
C,=1.0; (L>33)
CR =0.95(20<L<33)
C, Drill rod length, L (ft) Drill rod length C,=0.85(13<L<20)
CR =0.80 (10 <L <13)
C, =075 (L <10)

Source: modified from Skempton (1986), Kulhawy and Mayne (1990), Youd et al. (2001).

In the case of conventional SPTs, the in-situ shear wave velocity vs can be estimated by using the N factor, as shown in Figure 7-9:

0.314

v,(m/s)=97(Ny) 43)

Figure 79 Estimation of vs based on SPT.
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Energy corrected SPT N, (bpf)

Source: data from Imai and Tonouchi (1982)

The possibility of estimating v_is useful to evaluate the soil modulus as discussed in section 2.
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74.3 Evaluation of soil modulus based on SPT

A number of correlations are proposed in the literature to evaluate the soil modulus from SPT data. A summary of the existing
correlations from the literature is presented in Table 7-6.

Table 7-6  Summary of SPT correlations for Young's modulus in coarse-grained soils.

Parameter | In-situ test Soil type Interpretative Relationship Reference

Silts, sandy silts, slightly

£ SPT cohesive mixtures E (kPa)=400 N Briaud (2013)
E SPT Silts, sans:ly S|It's, slightly E (kPa)=400 N Briaud (2013)
cohesive mixtures
Clean fine to medium
E' SPT sands and slightly silty E (kPa)=700 N Briaud (2013)

sands

, Coarse sand and sand _ .
E SPT with little gravel E (kPa)=1000 N Briaud (2013)

Sandy gravels and

E' SPT E (kPa)=1200 N Briaud (2013)
gravels
E (kPa)=7000 [N]"*
E’ SPT Sand (normally E (kPa)=(1500 to 22000) log, [N] Briaud (2013)
consolidated) E (kPa)=500 (N + 15)
E' SPT Sand (saturated) E (kPa)=250 (N + 15) Briaud (2013)
E SPT Sand E (kPa)=4000 + 1050 N Briaud (2013)
(overconsolidated)
E' SPT Gravelly sand E (kPa)=1200 (N + 6) Briaud (2013)

*SPT blow count N in bpf (blows per foot), blows per 0.3 m.

Ohta and Goto (1976) and Seed et al. (1986) proposed, for sands:

. NOS
G — 447N (O-_Mj (44)
pa pa

where N is the SPT blow count corrected for 60% of maximum energy and corrected to 100 kPa of pressure.
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8.  SOIL MODULUS DETERMINATION FOR FINNISH SOIL CONDITIONS

As discussed in the previous chapters, a stress-strain relationship of soils is non-linear and, hence, soil modulus is not constant, but
it depends on several factors (see Chapter 3). Soil modulus, including e.g., Young's modulus E, shear modulus G and constrained
modulus M can be determined from both laboratory and in-situ testing. Laboratory testing (e.g. triaxial testing) provides a full
description of the stress-strain behavior, and stress or strain increments can be designed to obtain the parameters for the stress/
strain range of interest. However, these are not always available, especially in small-sized projects. Furthermore, soil specimens
may suffer from sample disturbance and may provide unreliable results. In-situ testing has the advantage of testing the soil in in-situ
conditions. However, measurements require calibration from laboratory testing, meaning that the existing correlations potentially
underlie all the uncertainties associated with retrieving and preparing soil specimens.

81. Coarse-grained soils

In Finland, Swedish Weight Sounding (painokairaus) and dynamic penetration test (puristinheijari) are the most common in-situ
testing tools. CPTu has been gaining popularity in recent years, while SPT is quite seldom used. CPTu correlations specific to soft
Finnish clays exist for constrained soil modulus M (Di Bud 2020). Correlations between sand and silt will likely be available in the
upcoming years (D'lgnazio 2022).

No direct correlations are available for soil modulus from weight-sounding and/or dynamic penetration testing. Nevertheless, the
Finnish national Geotechnical Design guidelines based on Eurocode 7 (Annex n.6 in NCCI 7 by Liikennevirasto, 2017) provide
reference tables to estimate soil parameters for a wide range of coarse soils (see Table 8-1, Table 8-2, Table 8-3). These include silts,
sand, moraine, gravel and crushed rocks. Materials as subdivided according to their classification as loose (or very loose), medium
dense or dense.

Table 8-1 Table 1in Annex 6 in NCCI 7 (Liikennevirasto, 2017) — English translation.

Unit weight y Janbu's tangent Sounding resistance
(kN/m3) modulus parameters 9
. Cone Blow count
. - Friction resistance Weight from dynamic
Soil type o % angle | Modulus Stress from dynamic sounding penetration
5 = ?'() number | exponent | penetration PJ/02m test
k] m p test (P,= half (puristinheijari)
] PP .
(puristinheijari) rotations) L/0.2 m
q.(MPa) (L = blows)
Loose | 14.16 | 19.. 28 30..100 0.3 <7 <40 <8
Coarse | Medium-—- 30 | 70.150 03 7.15 40..100 8..25
silt dense
Dense | 16..18 21 32 100...300 0.3 >15 >100 >25
Loose 15..17 | 19.. 30 50..150 0.5 <10 20...50 5..15
Fine sand | Medium—
710<006 | dense 33 100...200 0.5 10...20 50..100 15...30
Dense | 16..18 21 36 150...300 0.5 >20 >100 >30
Loose | 16..18 | 20.. 32 150...300 0.5 <6 10...30 5..12
Sand Medium—
410>006 | dense 35 200...400 0.5 6..14 30...60 12..25
Dense |18..20 | 22 38 300...600 0.5 >14 >60 >25
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Table 8-2  Table 2 in Annex 6 in NCCI 7 (Liikennevirasto, 2017) — English translation.

Unit weight y Janbu's tangent Sounding resistance
(kN/m3) modulus parameters 9
) - Friction Cone resistance Weight frilr:lv; c::r:ltic
Soil type g angle Stress from dynamic sounding v
> © ") Modulus . penetration test
a 5 4 exponent | penetration test P/0.2m L - e .
2 number m ey e _ (puristinheijari)
T B (puristinheijari) (P, = half
@ (MPa) rot,:a\tions) £/0-2m
4. (L = blows)
Loose | 17.19 20... 34 300...600 0.5 <55 10...25 5..10
Gravel | Medium- 37 | 400..800 05 5.5..12 25..50 10..20
dense
Dense |18..20 22 40 600...1200 0.5 >12 >50 >20
Very (<100)*
loose 16..19 | 20..22 .34 300..600 0.5 <10 <40 <20
Loose | 17..20 | 20..22 .36 (100...250) 0.5 This 40..100 20...60
Moraine 600...
Medium-| 4g 21| 21.23 | .38 800.. 05 - >100 60..140
dense
Dense | 19..23 | 21..24 .40 1200... 0.5 - Refusal >140

Note to Table 8-2: Values with asterisk* are for cases where the moraine has not been subjected to glacial overburden, i.e "normally
consolidated moraine".

Table 8-3 Table 3'in Annex 6 in NCCI 7 (Liikennevirasto, 2017) — English translation.

Grain size Unit weight y (kN/m?) Modulus number m Stress exponent Friction angle ¢' (°)
Crushed rock
0.150/0..300 17..22 500...2000 05 38..42
Blasted rock
0..300/0...600 17..22 300..1500 05 38..42

The tables contain information on unit weight, friction angle, modulus number, and stress exponent for each soil category. The
parameters are meant to be used to model drained conditions.

The data in Table 8-1 to Table 8-3 is based on studies done in Finland from the 1960's onwards (e.g. Helenelund 1964, 1966;
Tammirinne 1969, Valkeisenmdki 1973). They have been part of established engineering practice in Finland from at least the 1990's
onwards, when they were incorporated in official bridge design manuals and later to higher-level guidelines.

They are often referred to even in projects that are not governed by NCCI7 (i.e. projects not related to traffic infrastructure). As such,
their use in Finland can be considered safe in terms of established practice. They do not have the same status outside of Finland
but may still be carefully used as background reference material. Additional, locally established references may be required.

The suggested ranges for the different parameters are linked with the test results from Weight Sounding (in Finnish painokairaus)
and dynamic testing (in Finnish puristinheijari). Therefore, these tables provide guidance when determining soil parameters when
in-situ data or/and grain size information is available. It must be noted that some of the data in the tables overlap. It is therefore
recommended to carry out at least grain size distribution analyses along with in-situ testing.

Furthermore, the rod diameter of the weight sounding may influence the measurements. As shown in Figure 8-1, the sounding
resistance may be overestimated when a rod diameter of 25 mm is used (as is typical with modern geotechnical crawler rigs). The
standard 22 mm diameter results appear to be in line with CPTU measurements for the site considered in Figure 8-1. As the tables
in NCCI 7 were produced in the 1960's... 1990's, sounding results refer to the 22 mm diameter. This must be considered when using
sounding results to estimate soil parameters from NCCI 7.
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Figure 8-1

In the tables, the symbol m is used to indicate the modulus number from the constrained tangent modulus formulation (Janbu 1998):

Painokairaus EN ISO 22476-10 (2017)

Painokairaus
tangot 925 mm

+61,48 Ll Te———00

Iy Y Y I
100 2040 6080100

Painokairaus
tangot J25 mm

+81,44

+74,80

[ I—

L1
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Painokairaus
tangot 922 mm

I
A; 185

g

CPTU

+79,44

‘Jv‘v'\_,w

+62'14 ;2 e 185

wkPa 0 510 g, MPa
PR I N B
500 0 50100 f,kPa

Painokairaus
tangot @22 mm CPTU
+81,37
+81,43
+73,66 174,81
whea 0 5 1 15 20 4P
500 00 50 100 150 200 JekPa

kN piO.2m’

Kairausopas 1
Tangot

Tankojen mitat ovat seuraavat:

922 mm umpitanko paino - 3,0 kg. pituus 1,0 m
922 mm putkitanko paino - 2,0 kg. --"-- kdytetddn ldhinnd
925 mm umpitanko paino - 4,0 kg. --"-- vain monitoimi-
925 mm putkitanko paino - 2,5 kg. --"-- kairayksikoissd

. N\I-B
ref o
=mp g
(pf}

= tangent constrained modulus (kPa, MPa)

= intergranular pressure, i.e. effective vertical stress (kPa, MPa)

where:

M

p'Y =reference stress =100 kPa = 1 atm
o

m = modulus number (dimensionless)
[ =stress exponent (dimensionless)
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Comparison of weight sounding (painokairaus) results from 22 mm vs. 25 mm rod diameter (courtesy of FTIA / Panu Tolla, 2021).
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The constrained modulus M can be referred to as £, . Furthermore, m- p'! =E?, This leads to:

oed *
;, \I-B
O
_ pref v
Eaed - Eaed (prgf J

Note that here, £, is given as a function of vertical effective stress 0'; . Depending on the software used, it may also be given as a
function of effective mean stress p'. According to the tables, (1- f) = 0.5 for coarse soils, while = 0.7 for silty soils.

For the onshore wind turbine gravity foundation, the secant modulus for primary loading E . is a parameter of interest. As discussed
in section 3.2.1, £, depends on the confinement stress (i.e., cell pressure o) in the triaxial cell, increasing with increasing o;.

Hence, 0; can be used as the reference stress to define the drained secant modulus E,. On the contrary, the constrained modulus
E  increases with increasing vertical stress g, or 0, The stresses 0; and O, can be linked by means of the lateral earth pressure
coefficient atrest K, as 0; = K, .

Figure 8-2 shows the stress dependency of £, and E . Given that the reference stresses are different and linked by the K , it is
observed that £, = E, for NC soil. This was confirmed experimentally by Schanz (1998) for sands (Figure 8-3).

Figure 8-2  Stress-dependent modulus based on the Hardening Soil model's formulation (adapted from Mansikkaméki 2015).
Stiffness E, or E, (kPa)

) 0 5000 10000 50000
E™ = 7600 kPa
-50 E. E® = 7600 kPa
= E, | m =100
-100
K, =0.577
-150 o =25°
-200
o, (kPa)

Figure 8-3  Relationship between E;Zf and E;jﬁ for sands (Schanz 1998).
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60 P — Eyf ~ Eg,
EY 40 ’ A Toyoura sand
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Hence, the stress-dependent secant modulus for primary loading £, can be defined as follows:
. NI-B . NI-B
rej ) rej 63
E50 =E50f(prifj =mp /(PrefJ
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Similarly, the stress-dependent unloading/reloading modulus can be defined as follows:

' 1-B
(o)
_ pref 3
Eur - Eur (prefj

Typically, when E, or E _cannot be directly determined from experimental curves, it may be relevant for many practical cases to
assume:

E
=216
E

50

Higher ratios can be assumed for loose sands (3 to 6) or clays (5 to 10), whereas lower for dense sands (2 to 4) or crushed aggregates
(= 2). As discussed in chapter 5, the E /E_ ratio for well-compacted aggregates can be lower than 2. This may reflect the effect
of compaction or preloading, resulting in an "overconsolidated" soil state. Any subsequent loading may actually be considered a
reloading event.

For sand and silt, the formulation by Andersen and Schjetne (2013) described in 6.3 can be used for a preliminary estimate of
unloading and reloading constrained modulus. The average of these two modulus can be used to approximate the £, .

Table 8-4 summarizes recommended values of E_, at p/ = 100 kPa for the coarse-grained soils defined in Table 8-1to Table 8-3.
Recommendations on the E'¢, /E:jﬁ ratio are based on Andersen & Schjetne's (2013) model illustrated in section 6.3.

oed ,ur

Table 8-4  Range ofrecommended £, and E™?, / E!, for coarse-grained material based on Liikennevirasto (2017). Note that according to experimental

data by Schanz (1998), E7¢ = EZZ; (see also Fig. 8-3).

Soil type Density EY, (MPa)* EY IE ™
Loose 3-10 8.7-20
Coarse silt Medium—dense 7-15 6.6-111
Dense 10-30 41-8.7
Loose 5-15 6.6-14
Fine sand d10 < 0.06 Medium—dense 10-20 5.4-87
Dense 15-30 41-6.6
Loose 15-30 41-6.6
Sand d10 > 0.06 Medium—dense 20-40 3.3-54
Dense 30-60 2.5-41
Loose 30-60 2.5-41
Gravel Medium—dense 40-80 21-33
Dense 60-120 1.6-2.5
Very loose (<10)*** 30...60 2.5-87
Moraine Loose (10...25)*** 60... 2.5-87
Medium—dense 80... 21
Dense 120... 1.6
Crushed rock 0..150/0...300 - 50-200 11-2.8
Blasted rock 0...300/0...600 - 30-150 1.3-41

* Calculated at atmospheric pressure p =100 kPa
> E;:‘fi .. Calculated as the average of unloading and reloading modulus M, and M, from section 6.3 at p"/ = 100 kPa and assuming

maximum stress of 2p™ = 200 kPa prior to unloading.
*** For cases where the moraine has not been subjected to glacial overburden, i.e "normally consolidated moraine".
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Figure 8-4 illustrates an example of constrained modulus vs. stress 0',' for different soil types.

Figure 8-4  Constrained modulus M versus vertical effective stress o‘} for different soil types.
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8.2.  Fine-grained soils

Field Vane Test is the most popular in-situ tool to test undrained clays and silts in Finland. Field Vane test is used to determine the
undrained shear strength s . CPTu correlations specific to soft Finnish clays exist for constrained soil modulus M (Di Buoc 2020). As
most of the clays in Finland are soft, show apparent pre-consolidation due to aging, and especially in coastal areas can be sensitive
to extra-sensitive (D'lgnazio 2016), the constrained modulus from CPTu is generally representative of the overconsolidated state. As
discussed in section 6, the constrained modulus of sensitive clays is highest before reaching the pre-consolidation pressure and
drops dramatically after 0'; and increases as a function of stress and the modulus number m.

Determining soil modulus in clays would require laboratory testing, e.g., triaxial or direct simple shear (DSS). Constrained modulus
can be determined from oedometer test results. In the absence of laboratory testing, correlations based on undrained shear
strength, water content, plasticity index, and over-consolidation ratio can be used for preliminary assessment. In situ tests such as
weight sounding or dynamic penetration testing have not been calibrated in clays and therefore do not provide any information on
parameters.

The constrained modulus of clays Eoed follows the stress-dependent modulus formulation introduced in previous sections:
’ 1-B f 1-p
o (o
Eoed = E:s{i [ r‘;f J = mpmf ( r‘;f ]
P p

As discussed by Janbu (1963, 1998), the stress exponent 5 for most clays tends to O, giving (1 — f) = 1. For extra-sensitive clays, f can
be negative, resulting in (1 — f) > 1 (e.g. Lénsivaara 1999). The modulus number m can be estimated based on, e.g., water content,
as illustrated in Figure 6-6.

The ratio 1/m represents the modified compression index 1*, indicating the slope of the normally consolidated oedometer compression
line in e-log> plot. Therefore, the oedometer modulus at atmospheric pressure can be written as:

ref

Eref — p _
oed /’L
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The unloading-reloading modulus is linked to the modified swelling index «*, indicating the slope of the overconsolidated oedometer
compression line in e-loge’ plot, as

of
Eref B pre

ur,oed *

Literature suggests A*/k* ratio varies between 5 and 10 for Finnish clays. It can be higher for extra-sensitive clays (Mansikkamaki
2015).

For a typical range of m = 5-30 in Scandinavian soft (normally consolidated) clays (Janbu 1998; Karlsrud & Hernandez-Martinez
2013; Di Bud 2020), E/Y, = 0.5-3 MPa with E'Y, /E'/ = 5-15. For overconsolidated clays with pre-consolidation pressure

B . oed ,ur oed
. >>0,,tq, (q,=foundation load), the EO’Z; - /E:zﬁ ratio can be lower than for NC clays. This is due to the higher stiffness in the
OC region. In that case, E" | E"™ =1-3.

oed ,ur oed
For soft clays, Eggf can be as high as ZEZZ{; (Plaxis 2022). In general, the primary loading of gravity foundations on clay is initially
governed by undrained conditions. Hence, the calculation model used shall be able to estimate the undrained modulus £, from

the drained £, when needed. The £, in undrained conditions is higher than the drained E,, due to the higher Poisson's ratio
v =0.5.

For cases where the calculation method requires direct input of the undrained modulus, this can be estimated from undrained
triaxial tests or, in the absence of laboratory data, from correlations. Figure 8-5 and Figure 8-6 illustrate the relationship between
the soil modulus of clays and the undrained shear strength s, .

Figure 8-5 shows a relationship between the undrained modulus £ and the undrained shear strength su as a function of the over-
consolidation ratio (OCR) and plasticity index I Figure 8-6 illustrates the relation between G, /s, and the plasticity index 1 of clays.

These relationships can be used for instance, when su from the Field Vane test is known. Alternatively, the G, / 52 ratio can be
estimated according to Andersen (2015) if sfss, roughly corresponding to Field Vane test conditions, OCR, and plasticity index L
is known (section 4). The G, can then be reduced according to shear stress mobilization via the modulus reduction factor (MRF)
presented in section 4.

Figure 8-5  Ratio E /s, as a function of OCR and Ip (Duncan and Buchignani 1976).
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Figure 8-6  Ratio Gis, as a function of Ip (Termaat et al. 1985).
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As discussed in previous chapters, the determination of soil modulus can follow different paths based on the available soil data for a
specific project. This chapter summarizes a step-by-step procedure to establish the drained triaxial secant Young's modulus at 50%
of the maximum deviator stress £, and the unloading/reloading modulus E,_for both coarse-grained and fine-grained soils, based
on the information presented in this report.

Triaxial testing on coarse-grained material is generally carried out as drained. Therefore, determining E; from the g-¢, stress-strain
curve is straightforward. On the other hand, undrained triaxial testing is more common in fine-grained material. In this case, it is

recommended to estimate G, from the shear stress t = ¢/2 vs shear strain y = 1.5¢ curve and estimate the drained £ = 2G (I +v).

In general, the primary loading of gravity foundations on clay is initially governed by undrained conditions. Hence, the calculation
should also be able to estimate the undrained modulus E, ; from the drained E . The £, in undrained conditions is higher than the
drained E, due to the higher Poisson's ratio v, = 0.5. For cases where the calculation method requires direct input of the undrained
modulus, this can be estimated directly from, e.g., Figure 8-5 from OCR and Ip or, alternatively, estimate G, from s and [p from Figure
8-6 and calculate E, ;= 2G (I +v,) = 3G,
In geotechnical interpretative reports, Young's modulus is often given without information on the strain level at which it is estimated.
Especially when E (or E') for coarse-grained soils is determined from CPT/CPTu, the correlations by Robertson and Cabal (2015)
presented in chapter 7.3 are used. Young's modulus can then be considered as the modulus at 0.1% strain. Based on this, Obrzud
and Truty (2018) proposed a method to estimate £, from E’ (or E, static), as a function of cohesion and friction angle of the soil, as
shown in Figure 9-1.
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Figure 9-1  Relationship between the £, and £ at 0.1% strain as a function of cohesion and friction angle (Obrzud and Truty 2018).
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Figures 9-2 and Figure 9-3 illustrate the steps to determine E; and E,based on the available soil data. Note that while there are
"decision gates" based on which types of tests are available, engineering judgment should be applied. Different methods may often
give conflicting results, and it's up to the designer to choose which estimate of modulus is the most reliable. In general, the fewer
correlations and conversions are needed, the less uncertainty there is.

When using modulus reducing factor, MRF covered in Chapter 4 and mentioned in Figures 9-2 and 9-3 geo enginner shall check
or understand if soils characteristic to the region confirms to stated G, /G relations. Evidence suggests that for specific soils (for
example, highly consolidated low plasticity clays with very high G ), given relations are not valid and may give too high £, values.
It should still be noted that while directly testing good quality samples can be considered the ideal method of determining soil
modulus, well-established correlations from in situ measurements should be preferred over testing of poor-quality samples.

For fine-grained soils such as clays, good quality samples can be achieved, e.g., by using piston samplers, large diameter tube
samplers, or by taking block samples (see, e.g., standard ISO 22475-1). Core drilling and other "violent" sampling methods will
likely disturb the soil structure enough that laboratory testing of such samples will show a much lower modulus than what could be
determined from good quality samples or in situ testing. Furthermore, good quality samples must be properly handled and stored
to avoid sample disturbance.
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-grained material.
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and £ for coarse

Flow-chart for determination of drained Eﬂ}

Figure 9-2
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Before design calculations can be made, the stress-dependency of soil stiffness should be modeled in the design software
accordingly. Any modulus value determined from laboratory or in situ data is associated with a stress level where it has been
determined (i.e., the in situ stress state or the stress state to which the soil sample has been consolidated). The determined modulus
value must be converted to a reference modulus value at a reference stress level.

A typical conversion that often needs to be made is to convert measured (or otherwise determined) modulus E at a given stress
state to the reference value E;ef. at the reference stress p'¥ = 100 kPa.

We have the general relationship (here, E is presented as a function of vertical stress, as is typically done in relation to oedometer
testing):

LN
E=E(o))= Ef( c’/]

p

Depending on the calculation software, this relationship may also be given as a function of effective mean stress p’ or minor
principal stress o;. The user should be aware of which relationship is used in the given context.

One significant case is software that uses the Hardening Soil formulation for stress-dependent soil stiffness (£, or £ , see e.g.
Obrzud & Truty 2018):

E=E(o,)=E" o +e-coifp) )
’ o' +c-cot(p)

where :

Eis either £, or E |

E _is the corresponding reference modulus at the given reference stress

o, is max(cy; 10 kPa)

o' is the minor stress where the stiffness E is determined.

m is the stress exponent (equivalent to /-4 in the general formulation — not the tangent modulus method modulus number!)

Note that Obrzud & Truty (2018) are not quite clear in their notation between effective and total stresses, but effective stresses are
implied as modulus depends on effective stresses.

The Hardening Soil formulation allows the reference stress value can be chosen freely. Therefore, if Ejo has been determined, for

example, from a triaxial test, the cell pressure G; can be input as the reference stress ¥, and the reference modulus is directly
the modulus value determined from the test.
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If the £, value is determined based on in situ testing or unconsolidated triaxial testing, the reference stress should correspond
to the stress at the depth where the test is done or where the sample is taken. The vertical stress at a given depth can generally
(assuming horizontal soil layers) be calculated as:

o,=0,—u =Z(hi 'Vi)_”

where:
h,and y, are the thickness and total unit weight of a given soil layer above the given depth
u is the pore pressure at the given depth.

For conversion between G‘; and 0'; , the following Equation may be used (while assuming that the minor principal stress is the
horizontal stress:

c,=0,=k0-0,
As an alternative to using the test stress as the reference stress, one can express the E value at the "standard level" of 100 kPa. The
conversion to reference stress can then be made by:

EY = £

(th-cot((p) ]m

" +c-cot(p)

where:

E is the determined modulus from the test

G; is the effective minor principal stress for the test
o' is 100 kPa

For more detailed discussion of the Hardening Soil stiffness formulation, see e.g. Obrzud & Truty (2018) Chapter 2.

Example, test result to Hardening Soil parameters:

For a sand (p’=30° ¢’ = 01kPa, m = 0.5, K0 = 0.5), E,, has been determined to be £, = 50 MPa at an in situ stress state G‘; =70
kPa. Give the corresponding Hardening Soil input parameters o™ and E;Zf :

a) As a function of 0'3; , with test stress level as the reference stress
b) As a function of o, with reference stress 100 kPa

¢) As a function of p’, with test stress level as the reference stress
d) As a function of p’, with reference stress 100 kPa

a) As a function of 0'; , with test stress level as the reference stress

6" =0, =0,=K0-0, =0.5-70 kPa =35 kPa

E{ =E, =50 MPa

b) As a function of (7; , with reference stress 100 kPa

'’ =100 kPa

o Ey _ >0 MPa —84.4 MPa

" (oirccot(p) ) [ 35kPa+0.1kPa-cot(30°) |
" +c-cot(p) 100 kPa+0.1 kPa-cot(30°)
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c) As a function of p’, with test stress level as the reference stress

o = p = o, (1+32+K0) _ 70kPa(13+2+0.5) 467 IPa

EY =E,, =50 MPa

d) As a function of p’, with reference stress 100 kPa

'’ =100 kPa

E
EY L = 20 MPa _—73.1 MPa

p recot(p) ) (467 kPa+0.1kPa-cot(30°)
" +c-cot(¢) 100 kPa+0.1 kPa- cot (30°)
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The report has presented a comprehensive study on soil modulus for a wide range of soil types for the design and analysis of
onshore wind turbine foundations. As reported, soil stress-strain behavior is non-linear. Consequently, the determination of a soil
modulus is not a straightforward process. Soil modulus is not constant and is affected by several factors, including state factors
(particle density, water content, stress history, cementation) and loading factors (stresses and confinement, strain level, rate effects,
number of cycles, drainage, intermolecular and surface forces).

An appropriate soil modulus characterization would require an extensive set of laboratory and in-situ tests. In laboratory tests can
be more directly measured modulus values needed for soil modeling, but quite often, laboratory samples can be disturbed and do
not precisely represent soil conditions in-situ. However, in-situ tests usually do not measure directly needed modulus, but other
parameters such as cone resistance and then using correlation can be obtained needed values. The use of correlation makes in-situ
less accurate, but in-situ tests usually better represent the actual soil state in nature (soil is not disturbed). Triaxial and oedometer
tests provide a good background to determine drained primary loading secant modulus (£, ), secant unloading/reloading (E,) and

)
0
tangent constrained (£ ) modulus. Bender element or resonant column tests are ideal forjs}tudying the small-strain tangent shear
modulus G, . However, these tests are too often limited or unavailable, especially in small-sized projects. In-situ tests can be used
to estimate soil modulus based on literature correlations in the absence of site-specific laboratory tests. Among these, the cone
penetration test (CPT or CPTu) is considered the most reliable. Tests such as standard penetration test (SPT) are characterized by

larger uncertainty.

Weight-sounding (painokairaus) or dynamic cone penetration testing (puristinheijari), which are widely used in Finland do not provide
any direct information on soil parameters. Nevertheless, national geotechnical design guidelines (NCCI 7 by Liikennevirasto, 2017)
provide guidance for selecting strength and stiffness parameters of coarse-grained soils based on the results of such tests. The NCCI
7 data is based on studies done in Finland from the 1960's onwards, which have been part of the established engineering practice
from at least the 1990's onwards when they were incorporated in official bridge design manuals and later to higher level guidelines.
They are often referred to even in projects that are not governed by NCCI 7 (i.e. projects not related to traffic infrastructure). As such,
their use in Finland can be considered safe in terms of established practice. They do not have the same status outside of Finland but
may still be carefully used as background reference material. Additional, locally established references may be required.

The report further summarized correlations to establish soil modulus for different soil types in the absence of laboratory data for
both coarse-grained and fine-grained soils. These are based on basic soil index properties. These correlations shall be only used
for a preliminary estimate of foundation performance and validated by means of laboratory and/or in-situ tests during subsequent
design phases.

A final chapter illustrates a step-by-step procedure to determine £, and E, based on the available soil investigation data for both

coarse-grained and fine-grained soils. The aim is to provide a tool to guide geotechnical designers through the contents of this
report when establishing design parameters.
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