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ABSTRACT: This paper presents the results of finite element modelling with Updated Lagrangian
formulation of the Cone Penetration Test in soft soil deposit located in Jazowa, Poland. The numerical
calculations are carried out for homogenous, normally consolidated, organic soil layer. The Modified
Cam Clay constitutive model for soft soil and Coulomb model for interface are used. The study compares
the registered pore water pressure distributions for type-2 piezocone observed during in-situ penetration
and corresponding numerical model. The numerical dissipation test is carried out and the results are
confronted with in-situ registered data. The influence of orthotropic soil hydraulic conductivity on pore
water pressure development at shoulder filter element during dissipation tests is examined. Finally, the
distribution of pore water pressures around the piezocone obtained from numerical simulations is com-

pared with high quality literature database.

1 INTRODUCTION

Piezocone is one of the most widely and success-
fully used site investigation tool. It enables to
measure the pore water pressure development dur-
ing cone penetration into the subsoil as well as pore
water pressure dissipation at stationary cone posi-
tion. Dissipation tests are commonly used to esti-
mate the horizontal coefficient of permeability or
horizontal coefficient of consolidation. However,
the above mentioned variables are usually deter-
mined by empirical correlations based on statisti-
cal analysis with scatter data and its applicability is
often limited (e.g., Robertson et al., 1992).

In recent years, the rapid development of
numerical methods introduces the new possibili-
ties in analysis of pore water pressure distributions
around the piezocone (e.g., Burns & Mayne, 1998).
These studies mainly concern on developing of
new methods of coefficient of consolidation esti-
mation (e.g., Chai et al., 2012) or the horizontal
coefficient of consolidation determination (e.g.,
Ansari et al., 2014). The parametric studies which
link the coefficient of consolidation with strength
and consolidation parameters of the soil have
been also carried out (e.g., Mahmoodzadeh et al.,
2014). The influence of partial drainage on dissi-
pation curves was also in terms of interests (e.g.,
Sheng et al., 2014; Ceccato et al., 2016). However,
in most of these studies isotropic soil permeabil-
ity is applied (e.g., Chai et al., 2012, 2014; Ansari
et al., 2014; Ceccato et al., 2016). The influence of
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orthotropic coefficient of permeability is usually
neglected and it is rarely investigated.

In this paper the case study of numerical model-
ling of piezocone penetration and dissipation test
for soft soil deposit located in Jazowa, Northern
Poland is presented. In the first part of this paper
the applicability of numerical methods in terms
of Updated Lagrangian (UL) for CPT penetra-
tion prediction is shown. Next, the influence of
anisotropy of the coefficient of permeability on
dissipation curve is investigated. On the basis of
numerical tests the empirical correlation for hori-
zontal coefficient of permeability presented by
Robertson (2010) is calibrated on the purpose of
Jazowa clayey mud case. Finally, the pore water
pressure distributions obtained from numerical
calculations for Jazowa site are compared with
available database.

2 REFERENCE FIELD TESTING SITE

The Jazowa testing site is chosen as the refer-
ence site and it is located in Vistula Marshlands,
50 km southeast of Gdansk, Poland, within the
S7 highway. Jazowa testing site is supervised by
Gdansk University of Technology and Menard
Polska under the cooperation within the National
Centre of Research and Development grant. For
purpose of this paper 14 piezocone penetration
tests (CPTu) and 4 dissipation tests are used as
reference field tests. The authors decide to model
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Table 1. Jazowa clayey mud parameters.
Parameter Symbol Value Unit
Soil dry bulk density Py 1.074 glem?
Void ratio e, 1.416 -
Coefficient of permeability & 2.74 x 107'* m/s
Shear modulus G 4000 kPa
Undrained shear strength v 29 kPa
obtained in UU test
Logarithmic elastic modulus x 0.0359 -
Logarithmic plastic modulus x 0.1890 -
Mean preconsolidation stress p, 55 kPa
Stress ratio in p’-q plane M 1.5 -
Lateral earth pressure at rest K, 0.54 -
coefficient
Overconsolidation ratio OCR 1.0 -

numerically the CPTu probing from 8 to 9 m depth
below ground level and to perform dissipation test
at the 9 m depth, where 4 field reference dissipation
tests have been carried out.

The soil parameters used in the numerical study
are based on laboratory testing, see Table 1. The
initial soil conditions in terms of earth pressure at
rest coefficients are determined from 8§ flat dilatom-
eter test (DMT) soundings that have been carried
out at Jazowa site. The coefficient of permeability
has been estimated from isotropically consolidated
soil sample in triaxial apparatus. This value has
been verified using dissipation curves and Robert-
son formula (2010):

k, =(1.67x10-¢)x 100 el 3 /(0? x o7,
(€]

where &, = horizontal coefficient of permeability;
t5, = time corresponding to 50% of consolidation;
¥, = water unit weight; O, =(¢,— o,)) / 0,,; g, = cor-
rected cone resistance; o, = total vertical stress;
and o', = effective vertical stress.

Equation 1 returns k, = 3.6 x 1071 m/s for Jazowa
CPTu dissipation and probing data.

3 NUMERICAL MODEL DEVELOPMENT

The numerical calculations are performed with UL
formulation as it is implemented in Abaqus 6.14.
The UL formulation is provided in Abaqus Stand-
ard when the nonlinear geometry option (NL-
GEOM) is toggled on. UL formulation uses the
reference domain from the previous time increment,
which facilitates the analysis when large deforma-
tions occur (e.g., Mahmoodzadeh et al., 2014). The
axisymmetric soil domain is 2.2 m high and 1.0 m
wide and it is discretized with 6936 quadratic, sec-
ond order elements with reduced integration, see
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Figure 1. The cone is pre-bored at the depth of 5 cm
in the soil and it is jacked with standard velocity
of 2 cm/s using zipper type technique. In this tech-
nique, the rigid cone is connected with tube that is
in frictionless contact with soil domain and which
moves downward with cone (Mabsout & Tassoulas,
1994). The overburden pressure and the pore water
pressure are applied to simulate in-situ conditions.
The penetration stroke is 1 m and the final level cor-
responds to approximately 9 m depth in field. Then,
the numerical dissipation test is carried out.

The Modified Cam-Clay (MCC) model is used
to simulate the soil behavior with the parameters
presented in Table 1. However, some minor changes
have been applied and they are discussed below. The
soil parameters calibration procedure on TX sam-
ples suggests the reduction of plastic surface size on
the wet side of critical state line (CSL) by 30% (Das-
sault Systémes, 2014). The plastic surface in mt-plane
is not modified and is kept as a circle. The coeffi-
cient of permeability is increased to k =2 x 107
m/s due to isotropic consolidation calibration tests.
However, this modification still preserves the und-
rained conditions which are commonly accepted for
k< 10* m/s for clayey soils (e.g., Ceccato et al., 2016;
Suzuki, 2015). As the piezocone is pressed into the
subsoil with much higher rate than it is achieved
during standard Unconsolidated Undrained (UU)
triaxial compression tests, the MCC model must
also reflect the rate dependency. Kulhawy and
Mayne (1990) have shown that the undrained shear
strength increases with the strain rate after formula:
¢, =€, X (1+0.1xlog(£)) 2)
where ¢, = actual undrained shear strength;
c,, = reference undrained shear strength corre-
sponding to strain rate of 1%/h; and €= strain rate.

Preliminary laboratory testing of Jazowa clayey
mud has confirmed the rate dependency of the
material. For strain rate of 1%/h the reference c,,
is equal to 25 kPa. According to Equation 2, the c,
obtained in UU triaxial test with €= 60%/h should
beequal to 29.5 kPa and similar value was measured
directly in laboratory, see Table 1. For CPTu pene-
tration the strain rate is approximately 200000%/h,
which results in ¢, = 1.5 ¢,,. Consequently, the
MCC parameters should simulate the undrained
behavior corresponding to ¢, equal to 37.5 kPa. To
achieve this goal only the preconsolidation pres-
sure p’, will be modified. Worth (1984) have shown
that ¢, can be derived from MCC parameters when
the same plastic surface size for wet and dry side
of the CSL is used. However, Worth’s derivation
can be easy expanded for different sizes of plastic
surfaces on the dry and wet side of CSL (Konkol,
2017) and consequently, the preconsolidation pres-
sure that supports the corresponding ¢, for und-
rained shearing can be defined as:
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Figure 1. UL model geometry and boundary condition
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where: p’, = preconsolidation pressure correspond-
ing to ¢,; M = stress ratio in p’-¢q plane; = size of
the Figure 1. UL model geometry and boundary
conditions plastic surface on the wet side of CSL;
¢, = undrained shear strength; p’, = initial mean
effective stress; x = logarithmic elastic modulus;
and A =logarithmic plastic modulus.

To provide the ¢, equal to 37.5 kPa, the Equa-
tion 3 returns p’, =82 kPa. Consequently, this value is
used in the numerical model to satisfy the shear rate
influence instead of the value provided in Table 1.
The last modification of the parameters is related to
large deformation problem where rigidity index G/
¢, is usually around 50 (Vardanega & Bolton, 2013).
To satisfy this condition G =2000 kPa is assumed in
numerical models.

The last modelling issue is the interface behavior
between cone and the soil. In Abaqus tangential con-
tact between soil and cone is used in terms of effec-
tive stresses. This is a widely used assumption as a
smooth contact between water and cone is consid-
ered. However, this implies a problem in modelling
when undrained shearing occurs at the interface and
where adhesive contact should be applied. Labora-
tory direct shear tests on smooth steel—Jazowa
clayey mud interface suggest the effective angle of
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interface friction ¢, as equal to 10° and adhesion «
=~ 0.36. Assuming ¢, = 37.5 kPa, the limit interface
shear stress is equal to 13.5 kPa. The frictional con-
tact have been applied with Coulomb friction coef-
ficient of 0.176 (corresponding to &,= 10°) in order
to accurately model the cone—soil interface during
penetration. To include the adhesion contact, the
maximum allowable shear stress at the interface is
limited to 13.5 kPa. During CPTu dissipation test, no
shear stress limit is defined due to drained analysis.

In this paper the results of 5 cases are presented
and the testing program is summarized in Table 2.
Test-1 (default) is preliminary calculation with
isotropic soil hydraulic conductivity. In Test-2 to
Test-5 the orthotropic coefficients of permeability
are applied. The boundary value of &, = 10 m/s is
chosen to maintain undrained condition during pie-
zocone penetration. The tested ratios of coefficients
of permeability are in agreement with available
databases for cohesive soils (e.g., Robertson et al.,
1992).

4 RESULTS ANALYSIS

4.1

Due to undrained penetration of piezocone all
tests show almost the same response during prob-
ing. The numerical results of corrected cone resist-
ance ¢, sleeve friction f, and pore water pressures

Field measurements versus numerical ones
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Table 2. Numerical testing program for Jazowa clayey
mud piezocone.

Soil coefficient of permeability [m/s]

Test
no Vertical Horizontal k,lk,
1 2x 107 2% 107 1
2 2x 107 4x107° 2
3 2x 107 6x 107 3
4 2x 107 8x 107 4
5 2x 107 10°¢ 5
q,IMPa] 1, [kPa] u, [kPa]
0.3 05 07 0 5 10 15 20 0 100 200 300

8.0 : - (;, % .

8.4

E

g

9.2

Figure 2. Numerical results of CPTu penetration com-
pared with in situ measurement.

u, are compared with the field measurements
in Figure 2. The numerical readings start from
8.05 m depth due to cone pre-installation. The
pore water pressure reading cannot be obtained
automatically from numerical model. As a result,
the u, value is read out with 10 cm interval manu-
ally at mesh node in the vicinity of filter location.
As can be seen, very satisfactory results have been
achieved. The numerically obtained ¢, is the lower
bound of the field measurement while f; is the
upper bound. The previous research on numeri-
cal modelling of penetration has shown that ¢, is
sensitive to rigidity index G/c, (e.g., Van den Berg,
1994). As ¢, cannot be changed due to modelling
assumptions, the perfect fit for ¢, authors achieved
when G = 3000 kPa which corresponds to G/c,
= 80. The friction sleeve is constant and equal to
13.5 kPa. This is in agreement with the assumption
presented in section 3, where the shear stresses at
the interface have been limited to this value. How-
ever, the field tests at Jazowa site with different
penetration rates suggest that rate dependency on

interface is not so obvious and further studies in
this area are required. Consequently, the assump-
tion of rate dependency of interface shear strength
used in section 3 may be questionable. The field
measurement of u, is characterized by a large scat-
ter which may be caused by many factors (Cam-
panella et al., 1986). However, very satisfactory fit
between field measurement and numerical results
has been achieved in terms of u, distributions,
especially for the last 40 cm of probing. Con-
sequently, it can be assumed that the numerical
modelling in a very accurate way reflects the field
measurements performed at Jazowa site.

4.2 Influence of the permeability coefficient
anisotropy

The application of the orthotropic coefficient of
permeability results in a faster pore water pressure
dissipation and a lower maximum calculated values
of u,, see Figure 3. The dissipation curves presented
in Figure 3 prove that the horizontal coefficient of
permeability plays a key role in pore water pres-
sure dissipation behavior and even slight deviation
in k,/k, from isotropic distribution results in vis-
ible reduction of dissipation time. However, the
rate of this process decreases with increasing k,/k,.
The k,/k, between 4 and 5 seems to reflect the in-
situ conditions. Moreover, the conducted UL tests
allow for the calibration of Robertson (2010) for-
mula in terms of horizontal coefficient of perme-
ability. The back calculation revels the conversion
of empirical factor 1.67 x 107° to 4.0 x 10°. Con-
sequently, k, for Jazowa site can be calculated as:

k,= (4 «10° ) ¢ 1O Toglisn)) s 7.1 (sz X q’o) 4)

where k, = horizontal coefficient of permeabil-
ity; 5, = time corresponding to 50% of consoli-
dation; y, = water unit weight; O, = (¢, — 6,)/0,;
q, = corrected cone resistance; o,, = total vertical
stress; and o', = effective vertical stress.

Equation 4 returns k, = 8.6 x 10~ m/s for Jazowa
CPTu data. The results of calibration are similar
to the results of numerical research on normally
consolidated soil presented by Ansari et al. (2014).
According to the procedure described by Ansari
et al. k, =9.4 x 10 m/s has been obtained.

4.3 Pore water pressure distribution around
the piezocone

The distribution of pore water pressures around
the cone and sleeve at the end of piezocone
penetration has been compared with the available
database of pore water pressure measurements in
soft, normally consolidated soils (Chen & Mayne,
1994). The four possible filter locations have been
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Figure 3. Numerical results of dissipation tests versus field measured ones.
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Figure 4. Pore water pressure distribution around the piezocone obtained from numerical tests and compared with

database (Chen & Mayne, 1994).

considered in numerical models to provide suffi-
cient comparison, see Figure 4. As one can see, the
numerical modelling results of CPTu penetration
in Jazowa clayey mud are in the range of other in-
situ measurements. Further, the pore water pres-
sures calculated in each filter location in numerical
models are similar to the trend outlined by average
values from database.

5 CONCLUSIONS

The numerical studies performed have shown that
UL formulation as it is implemented in Abaqus
can be successfully used for the CPTu penetra-
tion problem and the two-phase soil model. The
satisfactory results achieved with UL formulation
and presented in this paper as well as in previous
research (e.g., Chai et al., 2012; Mahmoodzadeh
et al., 2014) are sufficient to conclude that UL
formulation is well-established method for large
deformation problems.
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The results of numerical analysis of CPTu prob-
ing in Jazowa clayey mud have been verified by
field tests conducted at the site. Some final remarks
about introduced studies can be formulated.
Firstly, the simplification in terms of limitation of
maximum shear stress at the interface can be used
to simulate the adhesive contact for undrained pen-
etration. However, the pure friction contact behav-
ior is based on effective pressures and the change
in friction behavior results in practically the same
pore water distributions during cone penetration
regardless the limit shear stresses at the interface
are defined or not. This is proper model response
due to smooth steel-water interface. Nevertheless,
the laboratory tests on clay-steel interfaces have
shown that increasing interface roughness results
in increasing pore water pressures at the interface
(Tsubakihara & Kishida, 1993). The same mecha-
nism in observed when total stress analysis in used
(e.g., Beuth & Vermeer, 2013). Consequently, fur-
ther studies in this area are required. Secondly, the
orthotropic soil hydraulic conductivity strongly
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influences the dissipation response measured at
u, position. The horizontal coefficient of perme-
ability also influences the shape of the dissipation
curve as it was shown in Figure 3. However, it was
found that dissipation time decrease weakens with
increasing k,/k, ratio. Consequently, UL model-
ling of CPTu can be used as an additional tool
to calibrate the orthotropic hydraulic conductiv-
ity of soil as it was shown for Jazowa clayey mud.
The numerical tests also enable to calibrate and to
match the commonly accepted formulas for &, esti-
mation to the local soft soil deposits as it has been
shown in this paper. Finally, the numerical model-
ling presents the reasonable values of pore water
pressure at u, and u;, positions in accordance to the
collected database. Therefore, the u, and u; pres-
sures obtained from the numerical modelling can
be treated as a representative and accurate values
for Jazowa clayey mud.

Summing up, the numerical tests performed
in this paper have confirmed the applicability of
UL formulation. The influence of anisotropy of
coefficient of consolidation on the dissipation
tests results has been analyzed and the empiri-
cal equation for k, initially presented by Robert-
son (2010) has been calibrated for the purpose
of Jazowa clayey mud case. Consequently, the
advanced numerical methods find its place as an
additional tool for more precise geotechnical site
investigation.
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