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Cone penetration test in assessment of soil stiffness
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The paper presents proposals for the assessment of subsoil stiffness based on results of the seismic cone penetration test.
Correlations between penetration parameters and constrained modulus were determined for three genetically different
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groups of cohesive soils. For the analysed soil material, quantitative estimation was also conducted for the parameter deter-
mining the relationship between the constrained modulus and initial shear modulus. A marked trend was shown for this pa-
rameter with the soil behaviour type index used in the classification of soils in the cone penetration test.
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INTRODUCTION

For a long time a key role in geotechnical site characteriza-
tion has been played by the cone penetration test (Lunne et al.,
1997; Robertson, 2001; Sikora, 2006; Mayne, 2007). The spec-
tacular advance leading to the current position of this test has
obviously stemmed from its advantages, particularly such as
universality and rapid performance, reliability and repeatability
of the results, as well as the performance of this test under spe-
cific stress and drainage conditions (Lunne et al., 1997; Robert-
son, 2001). Most geotechnical properties including physical,
mechanical, filtration and state parameters may be determined
on the basis of interpretation procedures analyzing penetration
curves from this test (Lunne et al., 1997; Sikora, 2006). In the
hierarchy of assessment reliability, the greatest ambiguities
seem to be associated with the estimation of subsoil deforma-
tion parameters. Testing conditions in the cone penetration test
differ significantly from those, under which the preference cali-
bration tests are conducted. Thus, the solutions applied in prac-
tice are typically based on empirical relationships, frequently lo-
cal in character (Robertson, 2001; Mayne, 2007). When solving
this problem, it may be very helpful to include measurements of
seismic wave velocity to the piezocone test (Atkinson, 2000;
Jamiolkowski, 2012). Based on the theory of elasticity, we may
in such a case determine subsoil deformation parameters both
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at very small and large strains. Knowledge on the relationships
between constrained moduli provides additional information on
subsoil stiffness (Mayne, 2007).

LOCATION AND OBJECT OF ANALYSES

The testing site is located in southwestern Poland, at the
construction site of a wind farm comprising foundations of 80
wind turbines with towers of 80 m in height (Fig. 1). The design
predicts shallow circular foundations of 20 m in diameter for the
wind turbines. For each object it is planned to drill one borehole
completed with sampling, one cone penetration test (CPTU)
and one test using a seismic cone (SCPTU). The assumed re-
quired depth of subsoil identification was at least 1B, i.e. 20 m,
assuming the arrangement of testing points at the vertices of an
equilateral triangle inscribed into a circle, also being the outline
of the designed foundation plate. Due to the character of the
structure and the subsoil — foundation interaction, particularly
thorough analysis had to be performed to determine subsoil de-
formation parameters for both very small and large strains be-
ing a result of both static and dynamic loads.

In terms of morphology, the study area is a flat post-glacial
plateau formed as a result of erosion and denudation pro-
cesses. In terms of the origin of soils in the subsoil, they are
greatly varied in their degree of preconsolidation. Three geneti-
cally different groups of cohesive soils were selected, typical of
the investigated area. The groups comprised (1) older, blu-
ish-grey Neogene clays, (2) grey-brown sandy tills and
glaciofluvial tills, and (3) grey-blue lessive silty clays. The char-
acteristic grain size distribution of the soil groups is presented in
Figure 2.
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Fig. 1. Location of the research area

INTERPRETATION OF CONE PENETRATION
TESTING DATA

The penetration characteristics recorded in the cone pene-
tration test include distribution with depth of the following pa-
rameters: cone resistance q, friction on the sleeve f; and ex-
cess pore pressure U, which is specified by the determination
of filter location on the cone. Most frequently, pore water pres-
sure is measured with a filter located behind the cone u, (Lunne
et al., 1997; Mayne, 2007). All characteristics are recorded in a
quasi-continuous manner, at every 2 cm increment in penetra-
tion depth. As a result of stopped cone penetration, the test of
excess pore pressure dissipation is initiated (Burns and Mayne,
2002). Interpretation procedures for cone penetration test re-
sults usually require standardization and normalization of the
recorded test parameters to the following forms:

— corrected cone resistance g;

qt:qc+(1_a)u2 [1]
— friction ratio R¢
R, = 100% 2]
q;

— pore pressure parameter B,
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Fig. 2. Grain size distributions of the cohesive soils

g Uz~ [3]

where: a — net area ratio of the cone, ug — in situ pore pressure, 6o —
total overburden stress.

These indexes are used in the identification of soil behav-
iour type in the CPTU classification systems (Jefferies and
Davies, 1993; Robertson, 2001, 2009). Moreover, the pore
pressure parameter is used in the assessment of drainage con-
ditions in the penetrated soil layer. The type of soil behaviour
may be defined quantitatively based on the cone soil classifica-
tion index Iz, which generalizes its assessment through three
normalized parameters for: tip resistance Q, friction F, and pore
pressure By

le =+B-10g[Q - (1-B,)IF +[15=13(logF )} [4]
Q:q' ~ %o (5]
G\Ixo
F= T 100% [61
d:—G,0

where: ¢'\o — effective overburden stress.

The assessment of soil deformation parameters based on
the penetration parameters is much more complicated due to
the observed mechanism of failure under the cone, which is ac-
companied by considerable displacement of soil around the
cone and the need to estimate drained consolidation from an
undrained penetration test. For this reason, the deformation pa-
rameter, defined as the one-dimensional constrained modulus
(M) and measured in an oedometer test is estimated based on
cone resistance. As such, it is used solely as an empirical rela-
tionship, which is limited to a simple formula (Arroyo, 2013;
Burns and Mayne, 2002; Mayne et al., 2003).

M=a,(q,;-0,,) [7]
where: o, — empirical factor.
Analysis of literature on the subject shows that the value of

empirical factor is not constant and for normal soils it may
change from o, = 0.4 for peat and organic clay to for cemented
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clay (Lunne et al., 1997; Mayne, 2007). Appropriate estimation
of the empirical factor, with local experience in the individual
site-specific and area-specific correlations, can be developed
for certain soil types with greater reliability (Lunne, et al., 1997;
Sikora, 2006).

Incorporation of measurements of seismic wave velocity —
SCPTU to piezocone testing, apart from the estimation of the
constrained modulus at strains ¢ ~ 107 , also facilitates a much
more accurate determination of the initial shear modulus G,
and equivalent elastic Young’s modulus — E; applies strictly to
the nondestructive range of shear strains — ys < 10°° (Mayne et
al., 2003; Jamiolkowski, 2012; Kim et al., 2013). This stiffness
applied to the initial loading for all stress—strain—strength
curves, including static, cyclic and dynamic types of loading,
under drained and undrained conditions (Mayne, 2007). The
small-strain soil stiffness is calculated from the soil mass den-
sity p, and shear or compression wave velocity Vs or V,,.

Gy =p-(V 8]
Ey=p-(,) 9]

where: Vs — velocity of shear wave, V, — velocity of compressive
wave.

If there are no independent measurements of the soil mass
density, the value of this parameter may be estimated indirectly
on the basis of the empirical relationship between normalized
shear wave velocity and saturated unit weight ys,: (Mayne,
2006).

Vear =417IN(Vs,)-403 [10]
Vs (11

(00 O )

atm.

where: Vs; — normalized shear wave velocity, cam — atmospheric
pressure.

Assessment of soil stiffness under small-strain conditions
may be supplemented with the determination of the value of
Poisson’s ratio (v), which may formally be written in the function
of recorded seismic wave velocities.

1{ 1 } [12]
Ve le——
2 (/) -1

All the three constant elasticity values determined on the
basis of seismic measurements are a perfect extension of the
constrained modulus, which in contrast is estimated from the
analysis of cone resistance.

METHODS AND RESULTS

Analyses of rigidity of soils from the subsoil of the area of
the designed wind farm were conducted on the three selected,
genetically different series of cohesive soils, whose characteris-
tic grain size distributions are presented in Figure 2. Apart from
genetic variation, each isolated group of soils is distinguished
by a different dominant fraction, i.e. in group | (clays) — the clay
fraction, in group Il (silty clays) — the silt fraction, in group lII
(sandy clays) it is the sand fraction. Results of cone penetration

tests in two example profiles are presented in Figures 3 and 4. It
results from a review of cone penetration test results: the
groups of cohesive soils are found in different zones of the en-
tire subsoil. This fact influences the normalization of penetration
parameters using the appropriate state of stress, related to de-
position depth of the layer. In terms of the general assessment,
the analysed layers may be described by the following indicator
penetration parameters:

— clays: B; < 0; Rr~ 6.2%,

— silty clays: B, < 0; R~ 4.1%,

— sandy clays: B; 2 0; Ry~ 2.8%.

Assessment of soil behaviour type based on a cone soil
classification index [equation 4] identified analysed soils in the
group of: clays (/¢ = 3.15), silt mixtures (/c = 2.80) and sand-silt
mixtures (Ic = 2.68; Jefferies and Davies, 1993; Robertson,
2009). In order to obtain a reliable solution in the analysis of
testing results, it was necessary to limit sources of the most sig-
nificant measurement uncertainties. The first, associated with
the quality of collected oedometric soil samples and determina-
tion of a representative value of the constrained modulus from
the compressibility curve, was solved thanks to the application
of the Osterberg sampler in the collection of cohesive soils,
while the the constrained modulus value was determined from
the compressibility curve for vertical effective stress corre-
sponding to in situ effective overburden stress (Fig. 5; Atkinson,
2000). A potential, second source of measurement uncertainty
was related to the natural heterogeneity of subsoil structure,
which had to be included in the selection of representative soil
parameters used in the construction of correlation relationships.
Samples of 20 mm in height were collected for laboratory analy-
ses, penetration parameters were estimated as means from a
10 cm thick layer, while in seismic tests, the analysed layer is 1
m thick (Tschuschke et al., 2013). The qualification criterion for
testing results was homogeneity, stated on the basis of analy-
ses of changes in cone resistance and the friction ratio in the
layer structure in a zone of at least 1 m in thickness, corre-
sponding to the measurement intervals of seismic wave veloc-
ity. Homogeneity of soil in the analysed layer was again verified
on the basis of macroscopic analysis of undisturbed samples.

ANALYSIS OF TESTS RESULTS

Statistical analysis of in situ and laboratory testing results
consisted of three parts. The first stage was an attempt to deter-
mine the correlation [equation 7] between the modulus deter-
mined in the oedometric test for effective vertical stress, which
corresponds to effective overburden stress, determined for the
depth of the profile from which the sample was collected, and
net cone resistance normalized by the value of total overburden
stress for the corresponding sampling depth in the subsoil zone.
The analysis was conducted independently for each of the three
isolated groups of cohesive soils. Results of the analysis are
presented in Figure 6.

They make it possible to formulate the following conclu-
sions. Firstly, it was confirmed that the analysed data belong to
three statistically different samples, as indicated by the grain
size criterion. Secondly, for each group of deposits, different re-
gression coefficients o, were determined for the correlation re-
lationship expressed in equation [7]. Estimated regression coef-
ficients have the following values:

— for clays (i): ( fi> 30%); o, = 8.19,

— for silty (n) clays: ( fi < 30%, f. > 50%); a. = 9.57,

— for sandy (p) clays: ( fi < 30%, f, > 50%); a.. = 10.57.
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Fig. 3. Results of seismic cone penetration test at testing point no. 17

A — parameters recorded, B — normalized, C — seismic, D — soil profile
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Fig. 4. Results of seismic cone penetration test at testing point no. 25

A — parameters recorded, B — normalized, C — seismic, D — soil profile
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Thirdly, a marked consistency was found between the mac-
roscopic assessment of homogeneity of soil samples and the
measure of variability in the distribution of variables. The ob-
served empirical relationships are characterized by the follow-
ing statistical coefficients of determination 7 at sample size n:

— forclays: #=0.89; n =13,

— for silty clays: A= 0.85; n = 17,

— for sandy clays: 7 = 0.74; n = 10.

In the second stage of analyses, the significance of the cor-
relation was verified between constrained modulus (estimated
on the basis of cone resistance) and initial shear modulus (de-
termined from the measured shear wave velocity and two mea-
surements taken during the same SCPTU) within the isolated
stratigraphic unit of the subsoil. Such a relationship for the three
groups of cohesive soils is shown in Figure 7 and expressed by:

ag=M [13]

Go

Like in the previous analysis, in this one we also observe a
variation in the trend line for the analysed groups of cohesive
soils. Both the smallest slope of the trend line and statistically
the most advantageous estimation was obtained for clays,
while the greatest slope of the trend line accompanied by the
weakest correlation was found for sandy clays. The results of
statistical analysis for the three groups of cohesive soils in the

Cone soil classiffication index /. [-]

Fig. 8. The relationship between coefficient
and cone soil classification index for the cohesive soils

range of estimated variation in deformation parameters are as
follows:

— forclays: 0 =0.13; A =0.93; n = 13,

— for silty clays: ag = 0.34; # = 0.89; n = 17,

— for sandy clays: ag = 0.45; # = 0.77; n = 10.

The last, third element of the statistical analysis was to show
a relationship between the soil type and values of parameter o,
which is an indicator between moduli determined at large and
small deformations. The cone soil classification index was used
to identify the soil type based on penetration parameters [equa-
tion 4]. The relationship between the parameters of soil classifi-
cation and rigidity is shown in Figure 8. The insufficiently numer-
ous statistical sample prevented a reliable statistical assess-
ment; however, testing results document a marked upward
trend for coefficient ag with a decrease in values of coefficient
I.. Supplementation of this analysis with other types of soils, of
different origin, would make it possible to verify the hypothesis
on the significance of such a relationship in a statistically unam-
biguous manner.

CONCLUSIONS

The seismic cone penetration test (SCPTU) may prove par-
ticularly useful in geotechnical analyses, in which the assess-
ment of soil stiffness is a key research problem. In the assump-
tions for this analysis, it is possible — based on cone resistance
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and seismic wave velocity — to determine characteristics of sub-
soil deformation both at large and very small strains. In the for-
mer, simple empirical relationships are used, whose reliability
depends on the accuracy of selection of the regression coeffi-
cient, while in the latter, theoretical dependencies are used.
Analysis of testing results, covering three different groups of co-
hesive soils, shows that an indirect identifier of soil stiffness
may be provided in CPTU by the soil behaviour type index,
based on which we may estimate values of parameters used in
the assessment of constrained modulus on the basis of net
cone resistance and the relationship between constrained
modulus and initial shear modulus. Knowledge of these rela-
tionships on the one hand makes it possible to supplement re-
sults of incomplete tests, while on the other hand it constitutes a

useful method to control the quality of cone penetration test re-
sult interpretation. Although the empirical relationships pre-
sented in this study are local in character, related to the testing
site and specific character of the analysed soils, they indicate
clearly the trends of dependencies and, in the case of a more
complete documentation including other soil types, they may be
used to construct a more universal solution.
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