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Gdańsk, Poland

Received 18 March 2022; received in revised form 24 November 2022; accepted 7 December 2022
Abstract

This technical report presents the probabilistic analysis which integrates the Monte Carlo simulation (MCS) with random field theory
to model the load–displacement behavior of Controlled Modulus Columns (CMCs) in overconsolidated Poznań clay. Presented study
focuses on the practical aspects of statistical analysis of geotechnical data, numerical model development, and results evaluation. Vari-
ability and spatial distribution of geotechnical parameters are based directly on field and lab testing. The inherent variability of soil
parameters obtained from geotechnical investigation at the site is similar to the values reported in worldwide datasets for clays. The
extensive discussion about incorporation of installation effects into numerical modelling is made. It was found that proper incorporation
of installation effects is governed by correct estimation of initial stress level and interface shear strength parameters. The Anisotropic
Undrained Shear Strength (AUS) model which captures nonlinear behavior and anisotropy of soil (Krabbenhøft et al., 2019) is a good
choice to model overconsolidated clay in intact and interface zones. The application of total stress approach, the AUS model, installation
effects, and natural (inherent) variability of soil and interface parameters is sufficient to explain differences in CMC load – displacement
behavior observed in the field.
� 2022 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Controlled Modulus Columns (CMC) are concrete col-
umns (piles), formed in soil with displacement screw auger,
that become common soil improvement technique (ASIRI,
2012; Basu et al., 2010; Brown, 2005). Application of full
displacement auger generates significant soil displacement
outward the column and changes stress state in the soil
(Larisch et al., 2014; Pfeiffer and Van Impe, 1993; Slatter,
2000; Suleiman et al., 2015). All effects related to such
changes in stress and displacement fields are called installa-
tion effects. Taking into consideration these effects in
https://doi.org/10.1016/j.sandf.2022.101266
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CMCs design is crucial for economically efficient process.
However, due to soil heterogeneity, stress history, and vari-
ability of geotechnical parameters, the installation effects
can significantly differ which hampers the reliability assess-
ment. In this study, the influence of the soil spatial variabil-
ity on the installation effects and CMC performance under
static loading test (SLT) is shown. The application of spa-
tial variability of soil parameters in intact and interface
zone around the CMC well explains the observed differ-
ences in bearing capacities of CMCs at construction field.
Finally, this study shows that probabilistic analysis which
integrates the Monte Carlo simulation with spatial field
theory is a good tool to model load displacement behavior
of CMCs.
Japanese Geotechnical Society.
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1.1. Installation effects

Installation effects are general terms related to all phys-
ical and mechanical phenomena which result from pile
insertion into the soil and influence the pile bearing capac-
ity. Installation effects are induced by displacement-type
pile installation and following neighbouring soil consolida-
tion and aging (Komurka et al., 2003). The first one who
recognized the increasing pile capacity with time was
Wendel (1900). In next decades, the installation effects
problem was refined by other researchers (e.g., Bond and
Jardine, 1991; Cummings et al., 1950; Randolph et al.,
1979). The engineering aspect of the installation effects
incorporation in pile designing is associated with possibility
of more precise pile bearing capacity calculation. This is
important factor for pile industry that allows to reduce
total pile length and to lower investment costs. In the last
decades, many field studies with highly instrumented piles
(usually jacked steel piles) have been carried out to measure
excess pore water pressures and radial stresses during the
pile installation and following soil consolidation. These
include the tests performed by Norwegian Geotechnical
Institute (Karlsrud, 2012), Imperial College London
(Bond and Jardine, 1991; Lehane and Jardine, 1994a,
1994b) and other research teams (e.g., McCabe and
Lehane, 2006; Pestana et al., 2002). In terms of CMCs,
the installation effects are not widely investigated. The pore
water pressure and radial stress changes in soft silt were
measured by Suleiman et al. (2015). The change in excess
pore water pressures in organic silt during CMCs installa-
tion and pile loading was measured by Bałachowski and
Konkol (2021). The pore water pressure measurement
and radial stress changes assessment were done by
Larisch (2014) and Larisch et al. (2014) for different types
of screw displacement augers. Nguyen at al. (2019, 2017)
conducted numerical study of CMCs installation sequence
in layered clay. Hird et al. (2011) investigated deformation
field produced by installation of screw displacement augers
in clay.

1.2. Reliability-based design

Soil is statistical homogenous medium described by
inherent spatial variable parameters (Hight and Leroueil,
2003; Mitchell and Soga, 2005; Phoon and Kulhawy,
1996; Uzielli et al., 2006; VanMarcke, 1983). The effects
of variable geotechnical parameters are incorporated in
probabilistic analysis or reliability based design (RBD)
and Finite Elements Methods (FEM) using random field
theory (e.g., Fenton and Griffiths, 2003; Griffiths and
Fenton, 2004; Kawa et al., 2021, 2019; Kawa and Puła,
2020; Puła and Ró _zański, 2012). Probabilistic analysis aims
to determine probability of failure for pre-defined design,
while RBD aims for the optimal design with prescribed
failure probability (e.g., Honjo et al., 2010). To achieve
above goals, the Monte Carlo simulation is usually used
(Wang and Cao, 2015; Zhang et al., 2012). In terms of
2

piles, some probabilistic analysis or RBD was previously
done. For instance, Wang and Cao (2013) showed pile
RBD in layered /-c soil (/ = angle of internal friction;
c = cohesion). Yang and Liang (2006) incorporated set
up effects in RBD of driven piles. Tang and Phoon
(2018) investigated axially loaded driven piles and cali-
brated resistance factors. Stuedlein et al. (2012) presented
RBD of auger cast-in place piles in granular soils. Reddy
and Stuedlein (2017) developed lower-bound design lines
for auger cast-in place piles using RBD and SLT databases.

1.3. Aims of this research

This technical report starts with presentation of con-
struction site in Poznań, variation of geotechnical parame-
ters, CMCs construction details, and summary of
conducted SLTs. Then, the probabilistic undrained total
modeling of SLT for single CMC is presented. Incorpora-
tion of the installation effects in the interface zone is shown,
and the model parameters sensitivity is studied. The prob-
ability analysis results are compared with field SLTs, and
the load–displacement curves are investigated in particular.
There are several research aims for this paper: (1) presenta-
tion of the inherent variability and spatial distribution of
geotechnical parameters for Poznań clay; (2) simple incor-
poration of the installation effects in stochastic FEM anal-
ysis; (3) presentation of the probability analysis of single
CMC under SLT with incorporated installation effects;
(4) indication of parameters sensitivity in SLT probabilistic
modeling; (5) verification of the Anisotropic Undrained
Shear Strength (AUS) model (Krabbenhøft et al., 2019)
effectiveness for CMC load–displacement prediction; (6)
verification of the proposed methodology by comparison
of probabilistic analysis with high quality SLT at Poznań
site. Finally, some conclusions and recommendation
related to soil parameters variability and model perfor-
mance are given.

2. Poznań testing site

2.1. General site characterization

The construction site of approx. 100 000 m2 was located
in Poznań, Poland, see Fig. 1. The CMCs were basic soil
improvement technology applied at the site and totally
over 8700 CMCs were constructed. The subsoil consists
of so-called Poznań clay. It is neogene clay that occupies
vast area in central and south-western Poland. It consists
of three sedimentation zones: grey clay (the oldest level),
green clay, and red clay (also called fiery clay – the young-
est level) (Dyjor, 1992, 1970). In Pleistocen, the Poznań
clay was overloaded by glaciers, which is the main reason
of overconsolidation. The CMCs at Poznań site were con-
structed in the upper part of red clay deposit which was
formed 5.4 � 4 mln years BP (Czapowski and Kasiński,
2002). The sixteen CMCs were proof tested (fourteen under
compression load and 2 under tension load). The geologi-
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Fig. 1. Poznań testing site.
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 cal investigation consists of three campaigns of field and
lab testing conducted in 2008, 2011 and 2012, respectively.

2.2. Controlled modulus columns

The CMCs at Poznań site have diameter of 400 mm or
360 mm and length between 6 and 11 m. In this research,
dataset of eight CMCs with extensive field and lab
geotechnical investigation, and high quality of SLT is
under consideration. Selection of the CMCs was related
to the same diameter (360 mm), similar lengths (about
7.0 m), the same SLT loading procedure, and uniform soil
conditions around the columns. General information
about columns is provided in Table 1. The soil profile
and hydrogeological conditions around the CMCs are
presented in Fig. 2. The CMCs were constructed from
shallow excavation of approx. 3 m deep. As one can see,
all CMCs are embedded in almost one clay layer (red Poz-
nań clay). The upper layer (denoted as siCl) contains a lit-
tle more sediment material (usually silt) than deeper layer
(Cl). In two profiles (no 4 and no 5), thin delamination of
sandy clay (saCl) was found. Despite such small discrep-
ancies, uniform soil conditions for the CMCs can be rec-
3

ognized. The results of SLTs in terms of load-settlement
curves (Q-s curve, where Q = load, s = settlement) are
presented in Fig. 3. The SLTs were conducted according
to method B (maintained load test) as refereed in
ASTM D1143 (2020). The eight steps of loading were
applied and each load increment was maintained until sta-
bilization (0.25 mm/h). The average loading rate during
SLT was around 0.04 mm/min (which corresponds to
strain rate of 0.7 %/h when normalized with CMC diam-
eter). Firstly, one can notice almost similar CMCs
response in low settlement range (up to 2 � 3 mm). Next,
the results start to differentiate. The small differences
between pile lengths seem to be irrelevant, e.g., CMC no
2 (L = 6.1 m) and CMC no 6 (L = 7.0 m) have similar
capacity. The time elapsed to SLT (see Table 1) seems
to be also negligible in terms of axial capacity, e.g.,
CMC no 7 (SLT after 17 days) and CMCs no 6 and no
2 (SLT after 42 and 51 days, respectively) have similar
capacities. Thus, the natural variability of soil parameters
seems to be governing factor of differences in load-
settlement behavior. The summary of field and lab inves-
tigations associated with each column is presented in
Table 2.

http://mostwiedzy.pl


Table 1
CMC basic information.

No Symbol zhead zbase D L L/D Time to SLT QSLT

– – m m m m – days kN
1 SD4 2,5 10,1 0,36 7,6 21,3 21 980
2 137 3,0 9,1 0,36 6,1 17,0 51 768
3 E407 3,0 10 0,36 7,0 19,4 31 937
4 H151 3,5 10,8 0,36 7,3 20,3 43 1081
5 G415 3,5 10,7 0,36 7,2 20 28 987
6 100 3,0 10 0,36 7,0 19,4 42 718
7 359 2,5 9,5 0,36 7,0 19,4 17 684
8 D689 3,5 9,6 0,36 6,1 17,0 41 581

Note: zhead = depth of CMC head below initial ground level; zbase = depth of CMC base below initial ground level; D = CMC dimeter; L = CMC length;
SLT = static loading test; QSLT = CMC axial capacity estimation form SLT based on Chin (1970) extrapolation corresponding to CMC head settlement of
10 %.

Fig. 2. Soil profiles for selected CMCs.

Fig. 3. CMCs load-settlement curves.
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2.3. Field investigations results

Field investigation at the Poznań site consists of piezo-
cone soundings (CPTU), flat dilatometer soundings
(DMT) and borings. Fig. 4 presents the results of eight
4

CPTU soundings in the closest distance to the investigated
CMCs (totally, the 54 CPTU soundings with 22 dissipation
tests were made). Corrected cone resistance (qt) measure-
ment increases quite linearly with depth with only single
deviations produced by stiffer stratifications. The similar
trend is observed for sleeve friction (fs). Pore water pressure
measurement at shoulder filter location (u2) is quite vari-
able due to overconsolidated nature of Poznań clay.

Fig. 5 shows the DMT results. The DMT investigation at
the Poznań site consist of total five DMTs, while only three
soundings were made in close vicinity of tested CMCs. All
three tests show similar values of material index (ID),
dilatometer modulus (ED) and horizontal stress index (KD).
2.4. Poznań clay geotechnical parameters and their

variability

2.4.1. Physical parameters
Wide spectrum of geotechnical investigation at the Poz-

nań site allows for good description of parameters variabil-
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Table 2
Field and lab tests associated with CMCs.

No Symbol CPTU DISS DMT boring TX OED PHYS
- - - - - - - - w q

1 SD4 Yes – Yes Yes – – Yes Yes
2 137 Yes Yes – Yes – – Yes –
3 E407 Yes Yes Yes Yes Yes Yes Yes Yes
4 H151 Yes Yes – Yes – – Yes –
5 G415 Yes Yes – Yes – – Yes –
6 100 Yes Yes Yes Yes Yes Yes Yes Yes
7 359 Yes – – Yes – – Yes –
8 D689 Yes Yes – Yes – – Yes –

Note: CPTU = piezocone penetration test; DISS = CPTU dissipation test; DMT = flat dilatometer test; TX = triaxial test; OED = oedometer test;
PHYS = physical properties measured during lab tests; w = water content; q = soil total density.

Fig. 4. CPTU testing results for selected CMCs.
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ity around the CMCs. Fig. 6 presents the water content,
unit weight and initial void ratio distributions along typical
CMC (D = 0.36 m and L = 7.0 m) at the site. The results
show quite homogenous medium. The average water con-
tent is AVG = 23.7 % (AVG = average value) with
COV = 19.1 % (COV = coefficient of variation). The unit
weight of 20.6 kN/m3 is burdened with a very low variabil-
ity (COV = 1.8 %). The void ratio is also in very narrow
range of variability. The specific gravity was not tested,
but literature data of Poznań clay (e.g., Stró _zyk, 2015) indi-
cates values between 2.68 and 2.72.
2.4.2. Overconsolidation ratio (OCR) and earth pressure at

rest coefficient (K0)

Poznań clay is moderate to highly overconsolidated soil
(Kotowski and Kraiński, 1998). The OCR distributions
related to CPTU, DMT and oedometer estimates are pre-
sented in Fig. 7. The CPTU-based OCR was determined
using following formula (Kulhawy and Mayne, 1990):
5

OCR ¼ 0:33
qt�rv0

r0v0

� �
ð1Þ
where: OCR = overcosolidation ratio; qt = corrected cone
resistance; rv0 = total vertical stress; r’v0 = effective verti-
cal stress.

The DMT-based OCR estimate uses Marchetti (1980)
equation:

OCR ¼ ð0:5KDÞ1:56 ð2Þ
where: KD = horizontal stress index.
Oedoemter estimate of OCR is determined with

Casagrande method (1936). The preconsolidation pressures
(r’c) obtained from oedometer testing are between 457 and
887 kPa, which confirms previous studies (Stró _zyk, 2015).
The average OCR oscillates between 5 and 10 from CPTU
tests, between 5 and 10 from oedometer tests, and between
10 and 15 from DMT tests, see Fig. 7. The earth pressure at
rest coefficient (K0) related to CPTU and DMT estimates is

http://mostwiedzy.pl


Fig. 5. DMT testing results for selected CMCs.

Fig. 6. Physical parameters variability along CMC at Poznań site.

J. Konkol Soils and Foundations 63 (2023) 101266

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

shown in Fig. 8. The CPTU-based K0 was determined
using Kulhawy and Mayne (1990) proposition:

K0 ¼ 0:1
qt�rv0

r0v0

� �
ð3Þ

The DMT-based K0 estimate uses Marchetti (1980)
formula:

K0 ¼ ðKD=1:5Þ0:47 � 0:6 ð4Þ
The earth pressure at rest coefficient is quite constant

along CMC shaft, see Fig. 8, and it is close to 2.
6

2.4.3. Total stress analysis parameters

Undrained shear strength (cu) of soil is parameter influ-
enced by rate of loading, anisotropy, loading history and
mode of shear (Ladd and DeGroot, 2003). The CPTU-
based and DMT-based correlations generally provide cu
for average mode of shear and loading rate of 1 %/h, which
is typical in consolidated undrained triaxial testing
(Kulhawy and Mayne, 1990). Rate of 1 %/h is also close
to the value obtained during SLTs. The SHANSEP (Stress
History and Normalized Soil Engineering Parameters)
method allows for cu estimation regarding mode of shear

http://mostwiedzy.pl


Fig. 7. OCR profiles and variability for Poznań site.

Fig. 8. K0 profiles and variability for Poznań site.
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with reference loading rate close to 1 %/h (Ladd, 1991).
Fig. 9 presents the cu estimates for Poznań clay. Both
CPTU and DMT methods present linear increase of cu with
depth. The CPTU-based trend indicates cu = 120 + 10z
(where z = depth below pile head). The lower bound is
cu = 43 + 10.5z, while the upper bound is cu = 197 + 10.
5z. The DMT-based trend indicates cu = 109 + 7z (lower
bound: cu = 78 + 7.7z; upper bound: 143 + 6z). Due to
large scatter of cu, engineering judgment suggests that rea-
sonable assumption is cu = 100 + 10z (see Fig. 9). The tri-
axial test’s results and the SHANSEP estimates indicate
7

constant values, but they can be influenced by sampling
techniques and specimen quality (e.g., Zapata-Medina
et al., 2014). However, these values are still in range of field
estimates. Finally, the CMCs were constructed from shal-
low excavation. This usually induces decrease of cu for soft
soils (Yannie, 2012). However, for highly overconsolidated
soils (such as Poznań clay) this effect is usually marginal
(Mitachi and Kitago, 1976) and was also omitted in this
research.

Fig. 10 shows the initial undrained elastic modulus (Eu0)
change with effective mean stress obtained from Consoli-

http://mostwiedzy.pl


Fig. 9. Undrained shear strength profiles and variability for Poznań site.
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dated Isotopically Undrained Compression (CIUC) triaxial
tests (TX). The results are quite variable which is typical
for overconsolidated soils and previous findings for Poznań
clays (Stró _zyk and Tankiewicz, 2016).
2.4.4. Effective stress parameters

Effective stress parameters will be only briefly summa-
rized in this paragraph, as the effective stress analysis is
out of scope of this paper. The average value of critical
effective angle of internal friction is 15.7 � with standard
deviation SD = 1.8 � resulting in COV = 11 % (n = 9,
where n = number of measurements). The stress ratio M
(for p’-q plane according to Cambridge notation, where
q = deviator stress, p’ = effective mean stress) is 0.60 with
SD = 0.07 (COV = 12 %, n = 9). The compression index Cc
Fig. 10. Initial undrained modulus change with effective mean stress (one
point was excluded from the trend due to significant deviation from the
rest of data).

8

is 0.073 with COV = 21 % (n = 7) and the swelling index Cs

is 0.043 with COV = 33 % (n = 7).
3. Probabilistic analysis and FEM modelling

Probabilistic analysis requires a specification of random
variable (also called mean or average), its variability in
terms of standard deviation (SD) or coefficient of variation
(COV), type of probability distribution, and parameters of
spatial distribution (also called scales of fluctuation). Some
of parameters can be used directly from results of field and
lab testing. Some quantities have to be however calculated
from other parameters, e.g., assessment of the installation
effects, described later. To do so, one have to introduce
error propagation formulas (Ku, 1966), see Table 3. These
formulas allow to calculate SD for more sophisticated
quantities used in probabilistic FEM model.

The direct Monte Carlo Simulation (MCS) was used in
this research. The soils parameters are generated using the
Karhunen–Loeve expansion method which provides ana-
Table 3
Error propagation (Ku, 1966).

Function Standard deviation

f = aA rf ¼ aj jrA
f = aA + bB rf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2r2A þ b2r2B þ 2abrAB

2

q
f = aA-bB rf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2r2A þ b2r2B � 2abrAB

2

q
f = AB rf � fj j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrA=AÞ2 þ ðrB=BÞ2 þ 2rAB=ðABÞ2

q
f = A/B rf � fj j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðrA=AÞ2 þ ðrB=BÞ2 � 2rAB=ðABÞ2

q
f = aAb rf � fbrA=Aj j
f = asin(bA) rf � ab cosðbAÞrAj j
f = atan(bA) rf � ab sec2ðbAÞrA

�� ��
Note: a, b = constants; A, B = field variables, rA = standard deviation of
A; rB = standard deviation of B; rAB = covariance between A and B
(when the variables A and B are uncorrelated rAB = 0).
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lytical solution for exponential covariance function (e.g.,
Fenton and Griffiths, 2008; Krabbenhøft et al., 2016).
The basic assumption of the Karhunen–Loeve expansion
method, as implemented in OPTUM (Huang et al.,
2013), will be briefly described below. The covariance func-
tion CX (s, t), where s, t e D (physical space) describes how
random variables vary spatially. Using Mercer’s Theorem,
CX (s, t) can be decomposed to:

CX s; tð Þ ¼
Xn
i¼1

kif i sð Þf iðtÞ ð5Þ

where: ki = eigenvalue of CX (s, t); and fi(t), fi(s) = eigen-
functions of CX (s, t).

Eq. (5) has to be truncated in finite number of terms and
thus, the covariance will be reduced. To control the such a
reduction, the eigenvalues are sorted in decreasing order
and the number of terms is chosen to satisfied condition:

kk

k1

� 10�5 ð6Þ

where: k1 = first (the highest) eigenvalue, kk = last (the
lowest) eigenvalue, k = number of terms. Based on analysis
for two-dimensional scenario presented by Huang et al.
(2013), number of terms is set to 1000 to satisfy above
condition.

Reproducibility of the Monte Carlo simulation is gov-
erned by seed number which ensures a particular, repeat-
able sequence (MSC run). The presented stochastic
analysis contains nsim-number (nsim = number of simula-
tions) of deterministic, independent simulations. The
parameters used in the probabilistic model are not interre-
lated (e.g., cu is not related to Eu0, so the same Eu0/cu ratio
is not preserved in each MCS run). Spatial variation of the
geotechnical parameters is included in numerical model by
random fields generation and series of MCS runs. The log-
normal distribution is selected as a probability distribution
function (PDF) for the field variables. The log-normal dis-
tribution is a simple nonlinear transformation of Gaussian
normal distribution and allows for always positive random
variables (e.g., Krabbenhøft et al., 2016). The log-normal
PDF is described by equation:

f x; l; rð Þ ¼ 1

xr
ffiffiffiffiffiffi
2p

p exp
�ðln x� lÞ2

2r2

" #
ð7Þ

where: x = variable; l and r are model parameters related
to mean (AVG) and standard deviation (SD):

AVG ¼ exp lþ r2

2

� �
ð8Þ

SD ¼ exp lþ r2

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp r2ð Þ � 1

p
ð9Þ

The key points of spatial field generations are vertical
and horizontal correlation lengths that vary depending
on soil parameters. For instance, Phoon and Kulhawy
(1999) suggest the vertical scale of fluctuation (CLv) of
9

1 � 6 m and horizontal scale of fluctuation (CLh) of
45 � 60 m. For Poznań site, the scales of fluctuation were
calculated on the basis of CPTU soundings using rule of
thumb method (Spry et al., 1988). It was found that
CLv = 0.44 � 0.8 m while CLh = 54 � 164 m. In this
research, CLv = 0.5 m and CLh = 60 m are used (they
are lower bands of calculated fluctuation scales).

Number of MCS runs usually ranges between 1000 and
10,000 (Mooney, 1997). However, some studies show that
as small values as 100 � 200 runs can be also sufficient
(Lerche and Mudford, 2005). Reducing number of runs is
beneficial as it results in reduction of computational costs.
Generally, the number of simulations is proportional to 1/
pf (where pf = probability of failure). The COV of MCS
can be calculated as (Au and Wang, 2014):

COV MCS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� pf
nsimpf

s
ð10Þ

where: COVMCS = coefficient of variation of Monte Carlo
simulation; nsim = number of runs, and pf = probability of
failure. Eq. (10) can be rearranged to following form:

nsim ¼ 1

COV MCSð Þ2
1� pf
pf

ð11Þ

Using very low value of COVMSC and pf (e.g.,
COVMSC = 0.1 and pf = 0.01) one get nsim = 9900 runs.
Consequently, the number of runs should be close to
10 000 and such a value was used in this research. Eq.
(10) can be also used in analysis of probabilistic model to
calculate probability of failure, when COVMCS will be
known. This topic will be further covered in conclusion
section.

3.1. General concept

Nonlinearity and anisotropy are the key features of
overconsolidated Poznań clay. The reference SLTs took
few hours to complete enforcing undrained conditions.
Thus, the total stress analysis was selected for numerical
analysis. The Anisotropic Undrained Shear Strength
Model (AUS) developed by Krabbenhøft et al. (2019)
was used as a constitutive model. The AUS model allows
to capture stress and fabric anisotropy as well as strength
nonlinearity. The parameters for the model can be deter-
mined from standard lab tests, see Table 4.

Numerical model consists of soil domain divided into
two parts: (1) interface region, where installation effects
will be included, and (2) intact soil region, where installa-
tion effects can be neglected. The pile will be assumed as
rigid due to significant differences in stiffness between pile
and soil, lack of stiff layer under the pile toe, typical pile
length/diameter ratio and low expected axial forces (up
to 1000 kN). Pile can be modelled also as a perfectly elastic
material (E = 30GPa and m = 0.15, where E = Young mod-
ulus and m = Poisson ratio), but the differences in this par-
ticular case are negligible.
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Table 4
The AUS model parameters.

Parameter Description Tests

– –
Eu0 Initial undrained modulus CIUC or CK0UC
mu Undrained Poisson’s ratio, equal to 0.49 N/A
cu
c Undrained shear strength in triaxial compression mode CIUC or CK0UC
cu
e/ cu

c Ratio of undrained shear stress anisotropy CIUC or CK0UC (CIUE or CK0UE is not necessary as cu
e/cu

c is related
to angle of internal friction)

ec,50 Axial strains corresponding to half of the maximum deviator in
triaxial compression mode

CIUC or CK0UC

ee,50 Axial strains corresponding to half of the maximum deviator in
triaxial extension mode

CIUE or CK0UE

K Total stress ratio DMT or CPTU
c Soil total unit weight LAB

Note: CIUC = consolidated isotopically undrained compression; CK0UC = consolidated K0 undrained compression; CIUE = consolidated isotopically
undrained extension; CK0UE = consolidated K0 undrained extension; LAB = lab determination; DMT = flat dilatometer test; CPTU = piezocone
penetration test; N/A = not applicable.
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The probabilistic FEM model of CMC static loading
test consists of axisymmetric domain, see Fig. 11, and 10
000 Monte Carlo runs. In each run, the multiplier load act-
ing on the pile head is increased in ten steps. Five steps are
related to ‘‘elastic” response of the model and following
five steps to ‘‘plastic” response. The advantage of such a
strategy is smooth load-settlement curve. The disadvantage
is lack of maximum displacement of 0.1D (10 % of CMC
diameter) in every MCS run due to occurrence of plastic
deformation at small displacements (which strictly depends
on random field generation and parameters values). The
calculations were conducted in OptumG2 software suit
using Gaussian 6-node triangular elements. The mesh of
200 elements was refined from the boundaries towards
the pile. The smallest elements of 0.06 m were located near
pile base and soil surface. The preliminary tests involving
other elements and mesh sizes were conducted. The differ-
ence between Gaussian 6-node element and most accurate
Gaussian 15-node element was about 1.6 %. The difference
between model containing 200 elements (smallest element
of 0.06 m) and 2000 elements (smallest element of
0.006 m) was 3.2 %. Consequently, the proposed mesh size,
element number, and element type are good suited to pro-
vide computation accuracy and effectiveness in MCS
involving 10 000 runs.
3.2. Parameters sensitivity

Sensitivity studies show how model is sensitive to each
parameter and allow to optimize numerical solution. The
sensitivity analysis was performed on the average values
of geotechnical parameters. The results are summarized
in Table 5. For considered case and loading scheme, the
Eu0, cu

c and ec,50 are highly important in the interface zone.
Outside the interface, the influence of the Eu0, cu

c and ec,50 is
very limited. This is not surprising, as interface parameters
governs the shaft behavior. However, under the CMC base,
the intact soil parameters were of great importance. The
influence of stress anisotropy was generally very limited.
10
The displacement of the CMC head of 36 mm (10 % of
CMC diameter) did not enforce negative deviator stress
in soil domain. In base area, the deviator stress was signif-
icantly lowered, but still positive. Consequently, for Poz-
nań clay parameters and applied loading scheme, no
extension mode in the model was encountered. The influ-
ence of initial stress ratio was very limited. The K value
was important to provide initial stress state in the soil
but during analysis its influence on results was negligible.
This is consistent with theoretical background of total
stress analysis. The pile rigidity (perfectly rigid or perfectly
elastic with E = 30GPa and m = 0.15) is also of low influ-
ence on results.

Another aspect of the sensitivity study was pile length.
In the field, the CMCs lengths vary from 6.1 to 7.6 m,
but probabilistic model will only cover 7.0 m pile. The dif-
ference in CMC lengths results in capacity difference of
about 10 %. The calculated capacity was 10.8 % lower
for 6.1 m CMC (the shortest CMC), and 8.3 % higher
for 7.6 m CMC (the longest CMC), in comparison with
CMC of 7.0 m. These values are in range of assumed
COVMCS = 10 %. Thus, the direct comparison of MCS
results and field data is acceptable.
3.3. Intact soil region

The soil parameters and their variability, see Table 6,
were obtained directly from lab and field tests described
previously. The undrained strength was assumed to linearly
change with depth with COV = 25 %. Such value repre-
sents satisfactory field and lab measurements described
previously, see Fig. 9. The Eu0 with COV = 20 % was esti-
mated using TX results (Fig. 10). The cu

e/cu
c ratio is estab-

lished with a following formula (Krabbenhoft and
Lyamin, 2015):

ceu
ccu

¼ 3� sin/0
3þ sin/0 ð12Þ
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Fig. 11. FEM model of CMC SLT for probabilistic analysis.

Table 5
The AUS parameters sensitivity in numerical model.

Parameter Interface zone Intact soil

– –
Eu0 high v. low at the shaft;

high under pile base
cu
c high v. low at the shaft;

high under pile base
cu
e/cu

c v. low v. low
ec,50 high v. low at the shaft;

high under pile base
ee,50 v. low v. low
K v. low v. low

Note: Eu0 = Initial undrained modulus; cu
c = Undrained shear strength in

triaxial compression mode; cu
e/cu

c = Ratio of undrained shear stress ani-
sotropy; ec,50 = Axial strains corresponding to half of the maximum
deviator in triaxial compression mode; ee,50 = Axial strains corresponding
to half of the maximum deviator in triaxial extension mode; K = Total
stress ratio.

Table 6
The AUS model parameters for intact soil and interface zone.

Parameter Intact zone Interface zone

– AVG COV AVG COV
Eu0 [MPa] 41.4 20 % 59.7 20 %
mu [-] 0.49 – 0.49 –
cu
c [kPa] 100 + 10z 25 % 95 30 %
cu
e/cu

c [-] 0.75 5 % 0.75 5 %
ec,50 [%] 0.4 45 % 0.4 45 %
ee,50 [%] 0.4 45 % 0.4 45 %
K [-] 1.5 30 % 5.2 30 %
c [kN/m3] 20.6 5 % 20.6 5 %

Note: Eu0 = Initial undrained modulus; mu = undrained Poisson’s ratio
cu
c = Undrained shear strength in triaxial compression mode; z = depth
below CMC head level; cu

e/cu
c = Ratio of undrained shear stress aniso-

tropy; ec,50 = Axial strains corresponding to half of the maximum deviator
in triaxial compression mode; ee,50 = Axial strains corresponding to half of
the maximum deviator in triaxial extension mode; K = total stress ratio
(for interface zone K = Kc

tot); c = soil total unit weight.
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where: cu
e = undrained shear strength in triaxial extension

test; cu
c = undrained shear strength in triaxial compression

test; /’ = effective angle of internal friction.
11
Eq. (12) returns cu
e/cu

c = 0.83 with COV = 1.2 %. The
alternative estimate is cue/cuc = 0.5 + 0.0034PI, where
PI = plasticity index (Ladd, 1991). It results in cu

e/cu
c = 0.

64 � 0.69. Finally, the cu
e/cu

c = 0.75 with COV = 5 %
was assumed. It is average from TX and SHANSEP esti-
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mates. The ec,50 = 0.4 % with COV = 45 % is based on TX
data. The ee,50 is the only parameter that have to be
assessed due to lack of lab testing. However, the sensitivity
study showed negligible influence of this parameter. The
ee,50 = ec,50 is used, which is quite common for overconsol-
idated soils (e.g., Zhu and Yin, 2000). The ee,50 for soft soils
is usually few times higher than ec,50 (e.g., Won, 2013). To
determine initial stress state, K0 = 2.0 with COV = 20 %,
see Fig. 8, was used. The switch from K0 to K can be done
with equation:

K ¼ rh0

rv0
¼ K0r0v0 þ u0

r0v0 þ u0
ð13Þ

where: K = total stress ratio; rh0 = initial horizontal total
stress; rv0 = initial vertical total stress; K0 = earth pressure
at rest coefficient; r’v0 = initial vertical effective stress; u0-
= hydrostatic pressure.
Eq. (13) returns K = 1.5 with COV = 30 %. The AUS

model response in triaxial compression mode (for average
parameters) in comparison to the lab tests is shown in
Fig. 12. The differences in initial part of the q-e curve are
related to ‘‘pure elastic” behavior (defined by Eu0 and ec,50).
3.4. Interface zone

Parameters in the interface zone can be quite different in
relation to those in the intact zone. Several studies showed
that installation of displacement pile increases horizontal
stress and changes soil strength parameters around the pile
(Bond and Jardine, 1991; Gavin et al., 2008; Karlsrud,
2012). Such increase of horizontal stresses usually over-
loads the soil and induces increase in undrained shear
strength. Below, some further considerations are provided.

3.4.1. Randolph et al. (1979)

Since CMCs were installed using a displacement auger,
it is reasonable to use installation effects formulas that orig-
inate from the Cavity Expansion Method (CEM). Conse-
quently, according to Randolph et al. (1979) the final
undrained shear strength in vicinity of the pile can be esti-
mated as:
Fig. 12. The AUS model performance versus lab tests.

12
cu 1ð Þ ¼ cuð0Þ
r0

c

ffiffiffi
3

p

M
þ 3

 !
cuð0Þ ð14Þ

where: cu(1) = undrained shear strength after pile installa-
tion and subsequent soil consolidation, cu(0) = initial
undrained shear strength; r’c = preconsolidation pressure;
M = stress ratio in p’-q plane (Cambridge notation).

The disadvantage of Eq. (14) is necessity of selection of
adhesion factor (a) to calculate interface shear failure stress
(undrained interface strength). The adhesion factor can
range between 0.4 and 1.0 depending on initial stress state,
plasticity index and interface type (e.g., Doherty and
Gavin, 2011). For Poznań clay, the average parameters
along the pile shaft are: cu(0) = 120 ± 30 kPa, r’c = 670
± 167.5 kPa, and M = 0.60 ± 0.07. Consequently, the
cu(1) = 127 ± 56 kPa (COV = 44 %). The cu(1) is higher
than cu(0) and burdened with high uncertainty due to error
propagation functions and parameters with high COV
(cu(0) and r’c). Furthermore, one should apply adhesion
factor to calculate interface failure stress. For Poznań clay,
a = 0.3 � 0.7 depending on code or design practice (e.g.,
American Petroleum Institute, 2000; Kulhawy, 1991;
Tomlinson and Woodward, 2015), which can produce even
larger uncertainty in the interface failure stress (acu(1)).
For instance, a = 0.5 ± 0.2 results in acu(1) = 63.5 ± 37.
6 kPa (COV = 59 %) Consequently, the application of Eq.
(14) for Poznań clay site is rather limited. However, it can
be successfully applied in normally consolidated (NC) soils,
where, for instance, study by Li et al. (2019) revealed that
cu(1) after installation and soil consolidation was about
1.2cu(0).

3.4.2. Konkol (2017)

Konkol (2017) introduces the installation effects coeffi-
cient (IEC) based on the high quality dataset of instru-
mented piles to estimate effective horizontal stress acting
on the pile shaft:

r0h;eq ¼ IEC

ffiffiffi
3

p

M
þ 1

 !
cu 0ð Þ þ r0

v0

" #
ð15Þ

where: IEC = installation effect coefficient,
IEC = 0.26OCR0.41; r’v0 = initial vertical effective stress.

Although Eq. (15) is an effective stress approach, it can
be used to determined directly acu(1), see Fig. 13. For
concrete piles, the interface friction angle (d) is usually sim-
ilar to the effective angle of internal friction (/’) (e.g., Chen
et al., 2015; Di Donna et al., 2016). Application of the aver-
age parameters along the pile shaft (M = 0.6 ± 0.07,
cu(0) = 120 ± 30 kPa and OCR = 10 ± 3) and error prop-
agation functions (Table 3) returns the average r’h,eq = 3
38 ± 93 kPa, which corresponds to Kc = 9.1 ± 2.5 (Kc =-
effective stress ratio after pile installation and soil consoli-
dation) and Kc

tot = 5.2 ± 1.5 (Kc
tot = total stress ratio after

pile installation and soil consolidation). Such a high hori-
zontal stress are in range of reported data, see section
3.4.3. Significant overload of soil at the interface enforces

http://mostwiedzy.pl


Fig. 13. Effective approach model for undrained shear strength of interface determination.

Fig. 14. Strength parameters and stress ratio variability in interface zone in probabilistic analysis (100th run).
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the soil behavior in normally consolidated range during
SLT. Using d = /’, the interface failure shear stress is acu(-
1) = 95 ± 28 kPa (COV = 30 %). In the probabilistic
FEM model of CMC static loading test, above estimate
and the AUS model were chosen to model interface behav-
ior. The Eu0 was estimated using a CIUC trend line
(Fig. 10) with COV = 20 % based on TX data. The ec,50 =-
ee50 are the same as for the intact soil. Using the same or
very similar values of Eu0, e50,c and e50,e for the intact soil
and the rough interface is convenient and supported by
various research (e.g. Chen et al., 2015) as long as similar
13
testing conditions (i.e., proper mean stress, shearing rate)
are maintained.

3.4.3. Other estimates

Previous research also provides some guidelines about
effective stress ratio Kc. For instance, Karlsrud (2012) pro-
vided Kc = 0.5 � 1.5 for lightly overconsolidated soils and
Kc = 1.4 � 4.0 for highly overconsolidated soils. For highly
overconsolidated London clay (Bond and Jardine, 1991),
Kc varies between 6 and 8. Gavin et al. (2008) reports
Kc = 2 � 8 depending on pile installation technology. Xu
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et al. (2006) find value of Kc = (1.5 � 4)K0 for normally
consolidated soft soils. The Kc = 1 � 2 was found by Sulei-
man (2015) for CMCs in soft, plastic silt. Well-established
value of Kc = 1.0 K0 (Meyerhof, 1976) for stiff, overconsol-
idated clays is used in codes and design practice (e.g.,
Brown et al., 2010, 2018). In most of the referred research,
the Kc varies along the pile shaft and is the highest near the
pile base (e.g., Bond and Jardine, 1991; McCabe and
Lehane, 2006). Based on above findings, the proper (or
average) value of Kc can be hampered to determine. The
general trend suggests lower values of Kc for lightly over-
consolidated soils and higher Kc for highly overconsoli-
dated soil.
4. Results and discussion

4.1. Random field generation

The random field generation of geotechnical parameters
is shown for 100th run of MCS as an example. Fig. 14 pre-
sents variability of the Eu0, acu and Kc

tot at the interface,
and Fig. 15 shows field of the Eu0, cu in intact zone. As
one can see, the variability is moderate and reflects the field
and lab measurements. The variability distribution is con-
sistent with used scales of fluctuations. The similar distri-
Fig. 15. Strength parameters variability in intac

14
butions (shapes) of field variables is consequence of the
same spatial field generated for each MCS run.
4.2. SLT probabilistic analysis

The comparison between load-settlement curves mea-
sured in the field and the ones from probabilistic analysis
is presented in Fig. 16a (standard, linear scale presentation)
and Fig. 16b (log-scale presentation). Log-scale presenta-
tion allows for more details insight into the settlement
behavior. As can be seen, most of the MCS runs slightly
overestimate settlement in small settlement range (up to
3 mm). It is result of ‘pure elastic’: behavior of Poznań clay
in very small strain range and possible underestimation of
Eu0. It also results from the AUS model, where Eu0 and
ec,50 defines initial part of the q-e curve. Similar fitting
problem was encountered in TX modeling, see Fig. 12.
The rest of the Q-s curves (3 � 36 mm) are within the range
of the field data. The axial capacities of CMC are presented
in Fig. 17. As one can see, the most of SLT capacities are in
the same range as the values from stochastic FEM.

The last covered aspects are the standard error (SE),
COVMSC and pf. Fig. 18 presents the SE with confidence
level of 95 %, pf, and COVMSC. For more than 1000 runs,
COVMSC is about 12 %, which is very close to the initially
assumed value of 10 %. The calculated (from Eq.(10))
t soil in probabilistic analysis (100th run).
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Fig. 16. Q-s curves from SLT and numerical analysis: (a) standard view;
(b) log view.

Fig. 17. Probabilistic analysis vs field tests (number of field test in each
range of capacities is provided in brackets in the upper part of the figure).

Fig. 18. Distribution of (a) COVMSC, and (b) SE and pf with number of
MSC runs.
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probability of failure is decreasing with number of runs,
and pf < 1 % are obtained for nsim greater than 6495, which
also fulfills initial assumptions. The standard error
decreases from 20kN for nsim = 100 to 1.95kN for nsim = 10
000. All mentioned values (COVMSC, SE and pf) shown
good performance of the stochastic CMC model.
15
5. Conclusions

The presented study allows the following conclusion to
be drawn:

1. Inherent variability of soil and interface parameters can
successfully explain the variability of SLT results on
CMCs in the field.

2. Pile installation usually induces significant overload of
the soil, which allows the effective stress approach to
estimate failure shear stresses at the interface.

3. It was found that proper incorporation of installation
effects is governed by correct estimation of initial stres-
ses and the interface shear strength parameters. This
guarantee compatibility with field data. The effective
stress approach to determine interface failure shear
stress lowers the uncertainty in comparison to CEM
estimate.

4. The AUS model captures accurately the nonlinear part
of soil and interface behavior and can be successfully
used in CMC (or piles) modelling.

5. The variability of basic physical and strength parame-
ters for Poznań clay was estimated and their spatial dis-
tribution was directly determined from the lab and field
testing and used in the probabilistic modelling of CMC.

Presented paper focused on the practical aspects of sta-
tistical analysis of geotechnical data, numerical model
development for probabilistic analysis, and results evalua-
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tion. The good compatibility between probabilistic MCS
and field measurement were obtained. The stochastic
FEM is thus valuable tool for practitioners and engineers.
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Krabbenhøft, K., Lymain, A.V., Krabbenhøft, J., 2016. OPTUM G2 -
Geotechnical analysis software.

Krabbenhøft, K., Galindo-Torres, S.A., Zhang, X., Krabbenhøft, J.,
2019. AUS: anisotropic undrained shear strength model for clays. Int.
J. Numer. Anal. Meth. Geomech. 43, 2652–2666. https://doi.org/
10.1002/nag.2990.

Krabbenhoft, K., Lyamin, A.V., 2015. Generalised Tresca criterion for
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