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Geometrical Nonlinearities on the Bearing Capacity in

Clay: A Validation Data Set for Numerical Tools

Cor Zwanenburg, Ph.D."; Britt Wittekoek?; Etienne Alderlieste®;
and Mario Martinelli, Ph.D.*

Abstract: A series of plate loading tests on clay has been conducted in the centrifuge. The aim of the tests is to create a data set, which is
freely downloadable, to validate numerical tools that account for geometrical nonlinearities. The tests include two sources of geometrical
non-linearities. The first source is the reducing clay layer thickness below the plate, which causes an increase in resistance. The second source
is the backflow of the clay around the tip of the plate. The backflow has a reducing effect on the plate resistance. This paper outlines four
tests: two involving a wide plate and two with a small plate. Each plate geometry is investigated under both smooth and rough side model
boundaries. An material point method (MPM) schematization is used for numerical analysis. The schematization and parameter selection are
initially validated by comparing the MPM results against CPTu data in each test. The numerical analysis examines the impact of a finite layer
thickness by analyzing various layer thicknesses. Furthermore, the analysis shows the influence of the backflow on the plate resistance by
analyzing different ratios of shaft to plate width. In this study, the pore pressures below the plate and vertical and horizontal displacement
fields are considered in addition to the load displacement curves. The MPM simulations are in good agreement with the centrifuge data. DOI:

10.1061/JGGEFK.GTENG-12104. © 2024 American Society of Civil Engineers.

Author keywords: Soft soils; Large strain; Centrifuge testing; Numerical analysis; Material point method (MPM).

Introduction

In the development of reliable software tools for practical engineer-
ing applications, validation and verification play an important role.
Analytical solutions serve as powerful tools for this purpose, offer-
ing precise insights and predictions under specific, simplified con-
ditions. In the field of soil mechanics, these analytical solutions
often rely on assumptions that the soil behaves rigidly, exhibiting
a perfectly plastic response. Moreover, these solutions typically
assume a fixed geometrical configuration. For instance, distinct
schemes are employed to describe shallow and deep bearing capac-
ity, with and without gap closure.

The advantage of analytical solutions lies in their ability to
provide direct outcomes, making them accessible and comprehen-
sible. However, these solutions encounter limitations when dealing
with challenging configurations within deformable soils in large-
displacement problems, such as bearing capacity problems, where
evolving geometries are induced.
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To overcome these limitations and obtain a comprehensive
understanding of soil behavior in such configurations, the develop-
ment of experimental tests becomes imperative. These experiments
provide essential insights into the actual behavior of soils under
conditions that deviate from the simplified assumptions of analyti-
cal solutions. By conducting experiments that simulate real-world
scenarios more accurately, engineers and researchers can gather
empirical data crucial for validating theories, refining models, and
developing more accurate predictions for complex soil behaviors.

This paper presents a series of centrifuge tests conducted to val-
idate numerical tools. The test series comprises plate loading tests,
wherein the plate penetrates the soil for a depth exceeding 95% of
the original layer thickness. This paper details the experimental
setup and the obtained results. The test data is publicly available
(Zwanenburg et al. 2023b).

This paper follows the original test numbering system, where
Test 1 involves the wide plate and smooth boundaries, Test 3
encompasses the small plate and smooth boundaries, Test 6 in-
cludes the small plate and rough boundaries, and Test 8 comprises
the wide plate and rough boundaries. The test numbers in between
pertain to tests on a peat layer, detailed in Zwanenburg et al.
(2023a).

Furthermore, the paper includes a section with the results of
a numerical model (Martinelli and Galavi 2022) based on the
material point method (MPM). This model effectively depicts soil-
structure interaction in scenarios involving large-displacements.
It accurately simulates data from cone penetration tests with pore
pressure measurement (CPTu) and plate penetration tests, account-
ing for the influence of backflow (gap-closure) and variable soil
thickness on the soil bearing capacity.

This paper is composed of a description of the relevant phenom-
ena in the “Theoretical Background” section, followed by a descrip-
tion of the test setup in the section “Setup of the Centrifuge Tests.”
The “Tested Material” section discusses the characteristics of the
tested material. The actual subsoil strength obtained during flight
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is explained in the section “Strength Profile, Comparison CPTu, and
Laboratory Test Data,” followed by a description of the test results in
the “Centrifuge Test Results,” the numerical results in the “MPM
Analysis” section and the “Discussion” section. The paper finalizes
by conclusions discussed in the final section.

Theoretical Background

The analysis of the bearing capacity of a plate pushed into the soil
and its application in different engineering fields has a long history.
Among others, Prandtl (1920), Buisman (1940), Meyerhof (1951,
1963), Brinch Hansen (1970), Das (2007), and Van Baars (2018)
have studied the bearing capacity of shallow foundations. Other
applications can be found in spudcan design in offshore engineer-
ing, e.g., Hossain et al. (2004, 2006) and Ullah and Hu (2017).

Literature shows that a succession of different failure mecha-
nisms will develop during penetration. At shallow depth the plate
might act as a shallow foundation resulting in a shear failure
mechanism, Fig. 1(a). For soft soils, punching shear might develop
for undrained loading conditions, Fig. 1(b). Since the plate is wider
than the shaft, cavities will form at both sides of the shaft. At some
depth backflow of the clay around the tip of the plate into the cavity
will dominate the failure pattern, Fig. 1(c).

For the individual mechanisms, analytical solutions are avail-
able. The corresponding undrained bearing capacity, g, is given
by Das (2007):

B 2

qy = N¢sy, + oy, N.=2+m for ﬁ<\/7-
B V2 B _ V2
= N¢ : N:=2 — 1= for —>—=
qu csu—i_o—w c +7T+2H B or SH= 2

(1)

In which N, represents the bearing capacity factor, s, the
undrained shear strength, o, represents the overburden pressure.
Plate width, B, and layer thickness, H, are defined in Fig. 1.

Resistance due to backflow of the clay follows from (Hossain
et al. 2006)

/

v
qu = Ncasy +T (2)

rigid base B
(c)

In which N4 = bearing capacity factor for the backflow mecha-
nism, ' = effective weight of the soil, V = volume of the embedded
plate, and A = superficial area of the plate.

For large penetration depth, and consequently small H, the
resistance is expected to increase due to extra resistance at the
bottom of the layer. This is accounted for in Eq. (1) by the term
B/2H —+/2/2. In the following, this is referred to as the finite
layer effect. Eq. (2) does not account for the finite layer effect.

Setup of Centrifuge Tests

The centrifuge tests are conducted in the Deltares Geo-centrifuge
(Zwaan et al. 2020). A 100 mm thick Kaolin clay layer was placed
in a strong box, with inner dimensions 200 x 450 x 870 mm
(width x height x length). Details of the clay are given in the section
“Tested Material.” A sketch of the front view of the set-up is given
by Fig. 2. The model included an aluminum bottom plate, which
contained a drainage system to allow for in-flight consolidation, see
Fig. 3. A loading plate was placed at the center of the model. The
plate length, perpendicular to the front and back wall was 195 mm,
leaving some space between the plate and the walls. In this way,
friction between the plate and walls was avoided. Tests were con-
ducted with a 20 mm and 100 mm wide plate. It should be noted
that B/H = 1 for the 100 mm wide plate at the start of the test. The
shaft width, d in Fig. 1(c), was 10 mm for the small plate and
30 mm for the wide plate. Both smooth and rough boundary con-
ditions were applied at the bottom of the plate, as well as below
the clay layer on the drainage plate. Smooth conditions were rep-
resented by polished steel, while rough conditions were created
by placing skateboard grip tape on the bottom plate and loading
plate.

The instrumentation included 16 total pressure cells, mounted in
the bottom plate and walls of the strongbox. In total 3 or 4 direct
current displacement transducers, DCDTs, were placed at the right
side of the plate to measure heave next to the plate, see Fig. 2. Nine
pore pressure sensors were placed in the bottom plate and side wall
of the strongbox and 2 pore pressure sensors in the bottom of each
of the loading plates. Two L-VIT 2500 Color cameras, 7,920 x
6,004 pixels, were placed in front of the model. Soil deformations
were obtained by particle image velocimetry, PIV, analysis using
the GeoPIV-RG software (Stanier et al. 2015). The displacement of

B

>

q
__llillll

IVVVVVV VYV

rigid base
(b)

Fig. 1. (Color) Failure mechanisms: (a) slip plane failure; (b) punching shear; and (c) backflow, blue solid arrows indicate surface loads, red broken

arrows sketch the displacement field.
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Fig. 2. (Color) Sketch of the test set-up in front view (a) for the wide loading plate; and (b) for the small loading plate.
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Fig. 3. (Color) Components of the test set up, measures in (mm): (a) drainage plate; (b) instrumentation in top view; and (c) loading plates.

the plate was measured and controlled by a hydraulic actuator, with
a maximum stroke of 250 mm. The force was measured by a load
cell, type U9C, with a measurement range of 0-50 kN. Drainage
of the clay layer was allowed through top and bottom. To prevent
drying of the clay and to avoid uncertainty on the position of
the phreatic level, a water layer was present on top of the model.
The free water on top of the model also prevented desaturation
of the pore pressure sensors mounted at the bottom of the loading
plates. The outflow of the bottom plate and water layer at the top
were connected to assure the same hydraulic head at top and bottom
of the clay.

© ASCE
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The tests contained four phases. First, the centrifuge was spun to
100 g at 10 g/min. Second, the clay layer consolidated until the
excess pore pressure was less than 1 kN/m?. In this context, excess
pore pressure is defined as the pore pressure exceeding the hydro-
static pressure. Third, the plate was pushed into the soil with a
velocity of 5 mm/min. During penetration the camera frequency
was 1 Hz, resulting in 1 photo per 0.083 mm displacement for each
camera. Penetration was stopped at 4 mm above the bottom of the
clay layer to prevent damage of the equipment. Fourth, a CPTu
measurement was conducted to evaluate the clay strength. For this
purpose, a mini-CPTu was used. The dimensions are presented in
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Table 1. Dimensions of the CPTu cone

Table 3. Properties of the clay

Parameter Symbol Unit Value Parameter Unit Mean cv n
Cone diameter Do mm 11.3 Saturated volume weight, v, kN/m? 16.4 0.2 14
Apex angle 0 degrees 60 Water content, w % 53.4 2.0 14
Tip height hyp mm 9.8 Void ratio, e — 1.44 0.06 14
Cone net area ratio a — 0.54 Plasticity index, P/ % 38.5 0.7 5
Length sleeve Ngleeve mm 42.5 Liquid limit, wy, % 66.2 1.4 5
Diameter sleeve Dyjeeve mm 11.35

Table 2. Test overview, thickness clay, and water layer at start of pene-
tration, phase 3

Plate width Boundary Petay Hater”
Test (mm) conditions (mm) (mm)
1 100 Smooth 96.5 52.0
3 20 Smooth 95.0 67.2
6 20 Rough 94.1 39.2
8 100 Rough 90.8 41.8

“The initial clay layer thickness is 100 mm in each test.
The water height on top of the clay layer.

Table 1. The cone was calibrated for a range of 0—150 N. The pore
pressure filter was positioned above the cone, u, position. To avoid
desaturation of the filter, the cone tip and filter were positioned in
the water layer on top of the model. The distance between CPTu
measurement and nearest side wall, Lc,, =97 mm, see Fig. 2,
resulting in Ly /Deone = 8.8, with D representing the cone
diameter. Following Ullah et al. (2016) the minimum distance be-
tween the cone and model boundary, when testing uniform clay,
should be Lpy/Deone > 2 for perfect smooth boundaries and
Lepta/Deone > 1.5 for perfect rough boundaries. From these values,
it is concluded that no interference with the model box boundaries
is to be expected. The distance between the CPTu and the plate was
387 mm for the small plate and 277 mm for the wide plate. The
actual clay and water layer thicknesses for the third and fourth
phase were derived from the photo analysis, see Table 2.

During flight, a minor g-level increment is found along the
depth of the model due to the increasing distance from the rotation
point of the centrifuge. The distance from the point of rotation to
the clay top is 4.795 m. The applied g-level, 100 g, is realized at the
top of the clay layer before consolidation. The effect of an increas-
ing g-level along the clay depth results in a maximum deviation of
1.8% in effective vertical stress for a 100 mm thick clay model and
is neglected in the analysis.

Tested Material

The kaolin clay was mixed from a powder and water to a slurry. The
slurry was consolidated in a Rowe cell under a constant overbur-
den pressure of 40 kN/m?. In total 2 batches have been prepared.
A minor difference in water content, w was found between the
batches after consolidation. In 4 measurements the water content
ranged for batch 1 from 52.6% to 53.7% with an average of 53.1%.
For batch 2 the water content ranged from 54.0% to 56.7% with an
average of 55.5%. Material for tests 1 and 3 was taken from the first
batch and material for tests 6 and 8 from the second batch. The
required material for the individual tests was trimmed from the
batch and the remaining batch was put in storage for the next test.
The period between test 1 and 3 was 14 days, between test 6 and 8
was 7 days. During these periods the clay was wrapped in plastic

© ASCE
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Note: CV = coefficient of variation; and n = number of tests.

Table 4. Summary of laboratory test results

Parameter Unit Value
Cohesion, ¢’ kN/m? 2.4%0°
(Plain-strain) friction angle, ¢’ degrees 14.3%/16°
Undrained shear strength ratio, S — 0.19
Power, md — 0.8
Compression ratio, CR —_ 0.19

“Peak strength.

"Strength at large strain, y = 40%, used as proxy for critical state strength.
“Numerical analysis in TX conditions uses ¢/, = 18.11°.

Derived from m = (CR-RR)/CR, with RR re-compression ratio.

foil and stored at a constant temperature of 10°C + 0.1°C. Tables 3
and 4 summarizes the results of a series of laboratory tests, con-
ducted on the material from the first batch, including 3 constant
rate of strain tests, CRS, 2 incremental loading test, IL, 8 Direct
simple shear tests, DSS and 1 consolidated undrained, CU, triaxial
test. The Atterberg limits were assessed according to NNI (2018),
using the fall cone for determination of the liquid limit, wy.
Following the plasticity chart (NNI 2018), the clay can be described
as a highly plastic clay, CIH.

DSS testing was conducted in accordance with ASTM (2017).
An overconsolidation ratio, OCR, ranging from 1.0 to 2.0 was
applied. A constant height was maintained, representing undrained
testing (Dyvik et al. 1987). The large strain strength, strength at a
shear strain of 40%, is used as a proxy for the critical state strength
(a.0. Leroueil et al. 1990). Table 4 presents the values for cohe-
sion, ¢’ and friction angle, ¢’, for peak and large strain approaches.
Following the critical state theory, Wood (1990), the cohesion is
set to zero for the large strain approach, while some cohesion is
allowed for the peak strength approach. The values are found by
curve fitting. Remarkably, the fitting results in a friction angle for
large strains which is slightly larger than found for peak strengths.
Due to softening the opposite trend was expected. In the numerical
analysis, this issue is addressed by a validation of the parameter
set by a simulation of the laboratory test results. This is further dis-
cussed in the section “Centrifuge Test Results.”

The undrained shear strength parameters were evaluated by
fitting the SHANSEP formula (Ladd and Foot 1974):

Su = S(OCR)mUZ (3)

In which OCR and the vertical effective stress, o, follow from
the test conditions. The undrained shear strength ratio, S, and power
m are fitted to the laboratory data, see Table 4.

The CRS tests were conducted following ASTM (2012).
Horizontal pressure gauges were added to the oedometer ring to
measure the horizontal pressure (Den Haan and Kamao 2003). This
allowed to assess Ky, in which Ky = oy /oy. The tests showed that,
for normally consolidated, NC, conditions, the value of Kf)v € was
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0.72. When using the friction angle obtained from DSS testing,
Jaky’s relation, agrees with the K}/ from CRS testing

Kic =1—sinp’ =1-—sin(14.3) = 0.75 (4)

Strength Profile, Comparison CPTu, and Laboratory
Test Data

Crucial in understanding the centrifuge tests is the undrained shear
strength of the clay. In-depth undrained shear strength profiles of
the clay during flight are obtained from the CPTu data and com-
pared to the laboratory test results. The interpretation of the CPTu
data follows Robertson and Cabal (2015)

F,
9 =4 g = qc+ (1 —a)uy;
qne
Gnet = 4t — Oy Sy = —nel (5)

th

In which F, = measured force, A, = projected cone area, g, =
cone resistance, a = cone area ratio, here a = 0.54, u, = pore
pressure just behind the tip of the cone, o, = overburden pressure,
and Ny, = cone factor.

A, increases until its maximum value is reached when the tip of
the cone is fully covered in the clay. This effect was accounted for
In the derivation of ¢.. The tip resistance and pore pressure readings
were set to zero when the tip of the cone touched the clay top.
Consequently, o, represents the increment in overburden pressure.

Tables 3 and 4 are used to derive the in-depth strength profile
based on the laboratory tests. Fig. 4 compares the in-depth profiles,
for which in general a good agreement is found for tests 1, 6 and 8.
The differences at the top are explained by the use of Ny, set to 14,
which represents the condition in which the failure mechanism
around the cone is fully enclosed by the clay. At a depth of 60 mm,
the stress conditions, at 100 g, change from over-consolidated to
normally consolidated. This results in a clear bend in the laboratory

20

IS
o

penetration [mm]
[}
o

801

CPT test 1
CPT test 3
CPT test 6
CPT test 8
sy profile lab tests

100
0.

NI

25 50 7.5 100 125
sy [kN/m?]

Fig. 4. (Color) In-depth profile of the undrained shear strength s, at
100 g, derived from laboratory tests and CPTu testing.

test profile, while appearing less prominently in the CPTu test
results.

The divergent CPTu profile for Test 3 is remarkable and not
fully understood at this moment. A possible explanation could be
the storage and preparation of the clay. As explained in the section
“Tested Material,” the clay for Test 1 and Test 3 came from the
same batch. With Test 3 being conducted two weeks after Test 1,
incorrect storage procedures might have altered the clay properties.
Fig. 5 shows a reasonable agreement between CPTu data and labo-
ratory test data for Test 3 when assuming a preconsolidation stress,
oy = 62.5 kPa instead of 40 kPa. It should be noted that tests 6
and 8 originate from the second batch and CPTu data from these
tests are in good agreement to each other and to Test 1.

Centrifuge Test Results

Fig. 6 shows the load—displacement curves measured in the 4 tests.
Remarkably, for the wide plates, no significant difference is found
between the smooth and rough boundary conditions. For the small
plate tests, the slightly larger resistance for the smooth plate can
be explained by the difference in clay strength, see Figs. 4 and 5.
A small difference in rough and smooth boundary conditions is also
found by Hossain et al. (2006) and will be discussed further in the
section “Discussion.”

Until a penetration depth of about 15 mm the applied load,
[kN/m?], is equivalent for the small and wide plate. At larger depth,
the resistance increases monotonically for the small plates, while
the wide plates invoke less resistance. The influence of the finite
layer effect is found in a clear increase in applied load and differs
for the wide and small plate. For the wide plate, the finite layer
effect is found at a penetration depth of approximately 70 mm,
when the load—displacement curve starts to bend. For the small
plate, this effect is found later, at a penetration depth of approxi-
mately 85 mm.

201

B
o

penetration [mm]
()]
o

80 1

—— CPT test 3
—— s, profile lab tests

100 T y T T -
0.0 2.5 5.0 7.5 10.0 125

su [kN/m?]

Fig. 5. (Color) Comparison s, profile from CPTu and laboratory
testing, Test 3 for oy, = 62.5 kPa.
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Fig. 7 shows the different displacement fields at maximum pen-

etration for the different tests. For the wide plates, the backflow of
the clay around the tip is clearly visible. Fig. 8 shows the displace-
ment field at 4 different stages of penetration of the wide plate with
smooth boundaries and Fig. 9 shows the vertical displacement of
the top of the clay layer at different distances from the loading
plate. For the wide plate, a succession of different failure mecha-
nisms can be distinguished:

Fig. 7. (Color) Total soil displacement

()

At shallow depth: the displacement field, Fig. 8(b), shows the
development of a sliding plane, as shown by Fig. 1(a). The top
of the clay layer heaves, as found by the vertical displacement
measurements in Figs. 9(a and c) until a penetration depth of
20 to 25 mm is reached. Less heave is found at larger distances
from the plate. Fig. 8(b) also shows a cavity, which is created
above the plate.

At intermediate depth: when penetration exceeds 25 mm, back-
flow of the clay around the tip of the plate starts to fill the
cavity above the plate. The heave of the top of the clay layer
stops, indicated by vertical displacements measured at DCDT
b, ¢ and d, which remain constant at further penetration, see
Figs. 9(a and c). In this stage, the backflow mechanism is not
fully covered by the clay. Consequently, the top of the clay layer
also flows into the cavity as shown by Fig. 8(c) and vertical
displacement measurements at DCDT a, see Figs. 9(a and c).

(d)

/(U2 + uf) at final penetration depth, for (a) wide plate smooth conditions; (b) small plate, smooth

conditions; (c) wide plate, rough conditions; and (d) small plate and rough conditions.

© ASCE

04024084-6

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2024, 150(10): 04024084



Downloaded from ascelibrary.org by Technische Universiteit Delft on 07/31/24. Copyright ASCE. For personal use only; al rights reserved.

penetration; (c) at 53 m penetration; and (d) at maximum penetration.

(d)

Fig. 8. (Color) Total soil displacement , /(12 + u%), for wide plate and smooth boundary conditions for (a) prior to penetration; (b) at 28 mm

At increasing penetration depth, the backflow mechanism devel-
ops at a deeper level and, consequently, is increasingly more
enclosed in the clay.

e At large depth: the reducing clay thickness between the plate
and rigid base causes a further change in failure mechanism.
The remaining clay between the plate and base is horizontally
squeezed out, see Fig. 8(d), resulting in a rapid increase in
applied load.

The sequence of failure mechanisms is also found in the ap-
plication of Eqgs. (1) and (2) to the measurement data. A good
agreement is found between the test results using the small plate
and Eq. (1), see Fig. 10(a). The comparison uses the laboratory
test results for the undrained shear strength profile, the thin line
in Fig. 4. For Test 3, small plate and smooth boundary conditions,
the thin line in Fig. 5 is used. Fig. 10(b) shows that for the wide
plate Eq. (1) is only in reasonable agreement with measurement
data at shallow penetration depth. From a penetration depth of
approximately 20 mm Eq. (1) overpredicts the resistance. This
is explained by the development of the backflow mechanism.
Fig. 10(c) shows the N4-values, Eq. (2), found when combining
the undrained shear strength profile based on the CPTu data and
the resistance measured in the centrifuge tests. To obtain this
graph, the load—displacement curves, Fig. 6, have been fitted by
a 5th order polynomial. The polynomial order was chosen such
that for each fit the weighted least squares sum, R> was above
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0.99. Using the fits, instead of the measurement data, results in
smooth functions, except for the top, where both, the s, profile
and the stress—displacement curves reduce to 0 kN/m? causing
strong fluctuation in N.,~value for the top 5 mm of penetration.
From a penetration depth of 20 mm, when Eq. (1) starts to deviate
from the measurement data, a N.,—value of around 10 is found for
smooth conditions and 11 for rough conditions. For further in-
creasing penetration, N, slightly increases to 12 for rough con-
ditions and 13 for smooth conditions at a penetration depth of
70 mm. This is explained by the backflow mechanism which is
more enclosed by surrounding soil at lower depth. At a penetra-
tion of approximately 70 mm, the N_.,—value increases further,
which is explained by the finite layer effect. Hossain et al. (2006)
give N.; = 10 to 11 for circular shaped spud cans. This is in the
same range but differences in shape and stress state prevent a di-
rect comparison.

It is remarkable that Eq. (1) fits well to the small plates,
although, penetration of the small plate does result in a cavity above
the plate, next to the shaft. The dimensions of the plates and shafts,
given in the section “Setup of Centrifuge Tests,” result in a maxi-
mum of 5 mm opening for the small plate, while a 35 mm opening
is found for the wide plate. Apparently, the opening width of 5 mm
for the small plate is too small to have a significant influence.

The pore pressure response directly below the plate is measured
by two sensors, one at the front and one at the back, mounted in the
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Fig. 9. (Color) Vertical displacement measured by DCDTs, for positions DCDTs see Fig. 2: (a) wide plate smooth boundary conditions; (b) small
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to Eq. (1); and (c) N values, see Eq. (2) for wide plate test results.
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Fig. 11. (Color) Pore pressure measurements directly below the plate: (a) wide plate smooth boundary conditions; (b) small plate smooth boundary
conditions; (c) wide plate rough boundary conditions; and (d) small plate rough boundary conditions.

plate bottom, see Fig. 3. Fig. 11 shows the ratio of excess pore
water pressure and applied load, (u-u)/01aq- The small and wide
loading plate show a clear difference which can be explained by the
dimensions of the plate. De Josselin De Jong (1963) shows that the
undrained pore pressure response to loading, Au equals the iso-
tropic total stress increment, Ap. For one-dimensional conditions,
only strain increments in vertical direction and horizontal strains
prohibited, Ap equals the applied load, 0y,,q and consequently
Au/oipq = 1. These conditions are met at the center of the
wide loading plates in combination to the rough conditions, as
shown by Fig. 11(c). Smooth wide plate and bottom allows
for some horizontal displacements affecting the one-dimensional
conditions. This results in the ratio Au/oyy,g reaching values in
the order of 0.75, see Fig. 11(a). For plain strain conditions, in
which strain increments in one horizontal direction is prohibited
and allowed for in the other directions, follows Ap = 0y4.q/2,
resulting in Au/ojq = 0.5 (Mandel 1953). These conditions
are found at the center of the small loading plates as shown by
Figs. 11(c and d).

MPM Analysis

The material point method has been found to be a suitable numeri-
cal method for analyzing large deformations in soil penetration
problems, such as pile installation and CPT simulation (Kafaji
2013; Galavi et al. 2019; Ceccato et al. 2016; Ghasemi et al. 2018;
Martinelli and Pisano 2022; Martinelli and Galavi 2022).

In this paper, the MPM formulation developed by Martinelli
and Galavi (2022) is utilized to simulate the centrifuge tests. This
choice is motivated by the improved calculation scheme offered
by this formulation, which yields accurate contact reaction forces,
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particularly for contacts between nonporous structures and satu-
rated soils.

The numerical model adopts a dynamic MPM formulation,
which employs soil acceleration as the primary unknown vari-
able, and an explicit, conditionally stable time integration method
with automatic time step-size adaptation based on the Courant-
Friedrichs-Lewy, CFL, criterion. To ensure stable solutions in
nonlinear calculations, the critical timestep is multiplied by an
additional factor—referred to as the Courant number. This factor
remains below 1 and has been set to 0.9 for all simulations pre-
sented in this paper.

To simulate plate-soil detachment and sliding, a contact algo-
rithm proposed by Bardenhagen et al. (2000) is used. The back-
ground mesh consists of 4-node quadrilateral elements, and a
moving mesh technique (Kafaji 2013) is employed to ensure fine
discretization around the soil-plate interface and accurate perfor-
mance of the contact algorithm. Additional computational aspects,
such as mass scaling, numerical damping, the mitigation of stress
oscillations and volumetric locking, are covered in the original
paper of Martinelli and Galavi (2022).

Fig. 12 illustrates the computational mesh for a wide plate,
B = 100 mm, which consist of 1,726 4-node quadrilateral ele-
ments. The initial position of material points across the domain is
defined within rectangular clusters. Each cluster contains a pre-
determined quantity of material points uniformly distributed and
specified by the user. This approach ensures that the distribution
remains independent of the element type or size. The initial number
of material points within the clusters is sufficiently large to fill
all elements during penetration, thereby avoiding the creation of
unrealistic empty elements.

The MPM simulations simulate the penetration of wide plate.
Most of the simulations are performed with smooth contact
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Fig. 12. (Color) Geometry of the MPM model.

Table 5. Model parameters for the modified Cam Clay model

Parameter Unit Value
Bulk unit weight, 7, kN/m? 17.2
Porosity, n — 0.56
Over-consolidation ratio, OCR —_ 1.0
Modified compression index, \* — 0.0797
Modified swelling index, x* — 0.0262
Slope of the critical state line (plane strain), M — 0.538
Poisson’s ratio for unl./reload, v — 0.3
Coefficient of lateral stress, K)© — 0.73

between the plate and the soil, characterized by absence of adhe-
sion or friction. However, in certain scenarios, a rough contact ap-
proach is employed, utilizing very high contact strength properties.
This ensures that any failure occurs within the surrounding soil,
rather than at the contact nodes. At all boundaries, the displace-
ments are constrained in the perpendicular direction and free in
the longitudinal direction.

A set of fixed material points is utilized to impose a fixed boun-
dary condition at the base of the domain. The computational mesh
moves together with the plate, while a separate set of material
points remains fixed in space to simulate the effect of a rigid con-
tainer. This approach has been successfully adopted in Talmon et al.
(2019) for the simulation of a cutting process of sand underwater.

The modified Cam-Clay constitutive model (a.0. Wood 1990)
is used to simulate the compressibility and strength of clay. The
model parameters, listed in Table 5, are derived from DSS tests,
listed in Table 4. DSS test conditions refer to plane strain conditions
as are assumed for the plate loading tests. It is worth noticing that
the implementation of the Cam-Clay model used in the numerical
simulations gives a Druger-Prager failure state, which is inde-
pendent of the Lode angle, instead of a Mohr-Coulomb model
type of failure. Consequently, the strength parameters employed
in plane-strain simulations are selected to match the strength under
plane-strain conditions. Conversely, the strength parameters used
for triaxial conditions are chosen to match those obtained from
triaxial tests.
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Fig. 14. (Color) Load—displacement curves, comparison MPM analy-
sis to test data Test 1, smooth boundary conditions and Test 8, rough
boundary conditions.

Undrained calculations have been performed in which the bulk
modulus of water is set to 20 MPa. This value is lower than the true
value of 2 GPa to decrease the computational time, while still being
large enough to get a high equivalent undrained Poisson’s ratio v,.

The stress initialization is performed as follows: (1) the stress
is kept constant and set to 40 kPa in all soil material points,
Kgc =0.73 and OCR = 1; (2) the gravitational acceleration is
then increased to 100 g, and the excess pore pressures are
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Fig. 15. (Color) Horizontal displacement field for wide plate and smooth boundaries at a penetration depth of 82 mm: (a) PIV analysis of test data;

and (b) numerical analysis. The same scale is used in both figures.

calculated using an undrained simulation; and (3) the final profile
of OCR is obtained through a 2-phase coupled analysis, during
which the excess pore pressures are completely dissipated. In
the last step, in order to reduce computational costs, a high value
of hydraulic conductivity is adopted for the clay.

To verify the MPM schematization and parameter assessment,
the CPTu data is back calculated. In this case, the simulations
are performed with a 2-phase coupled approach, as described in
Martinelli and Galavi (2022), to ensure correct contact forces
between the cone and the soil. The contact friction angle is set
to 11 degrees and the soil permeability is set to 1 x 10~/ m/s. This
value is larger than true soil permeability, but it is low enough to
ensure undrained response during penetration. The slope of the
critical state line, M is set to 0.6935.

Fig. 13 shows that MPM simulation of the CPTu data is in
close agreement to the centrifuge data. Therefore, it is concluded
that the MPM schematization, the applied material model and

selected parameters provide a reliable description of the clay
behavior.

Fig. 14 shows a comparison between the measured and simu-
lated load - displacement curves. The simulations for smooth boun-
dary conditions are in good agreement to the measurement data.
For rough boundary conditions the numerical analysis seems to
slightly overpredict the plate resistance.

Figs. 15 and 16 show a comparison of the horizontal and vertical
displacement fields, found from the test data by PIV analysis and
found by the numerical analysis. The small gap between the load-
ing plate and the front wall might have an impact on the displace-
ment observed in the tests. Especially the nearby displacements at
the transparent wall might be different from displacements found
in a cross section including the plate. Therefore, the comparison is
focused on the far field displacements. Figs. 15 and 16 show the
5 mm and the 2.5 mm contour for vertical displacements and the
3.3 mm and 1.1 mm contour for the horizontal displacements found
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Fig. 16. (Color) Vertical displacement field for wide plate and smooth boundaries at a penetration depth of 82 mm: (a) PIV analysis of test data; and

(b) numerical analysis. The same scale is used in both figures.
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Fig. 17. (Color) Influence layer thickness and shaft width, A = initial
layer thickness.

in the PIV analysis. To facilitate the comparison these contours
are plotted in the MPM results. The PIV analysis shows that the
displacements fields in the test are not completely symmetrical.
A good agreement is found between the far field displacements
found in PIV analysis and MPM analysis.
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Discussion

Section “Theoretical Background” introduces two effects that in-
fluence the plate resistance. The first effect is the finite layer effect,
which causes an increase in resistance for reducing thickness. The
second effect is the gap, that is formed above the plate during pen-
etration and the corresponding backflow. This effect results in a
reduction of the resistance as soon as the backflow develops.

To study the individual effects, two additional MPM analyses
have been conducted. The first analysis contains a 100 mm pen-
etration of the wide plate in a 300 mm thick clay layer. Fig. 17
compares the outcome to the original analysis. The comparison
clearly shows the increase in resistance, starting at a penetration
depth of 60 mm, when penetration depth reaches the initial layer
thickness.

The second analysis contains the penetration of a block with
the same width as the wide plate, B = 100 mm. The uniform width
of the block prevents cavity development, and no backflow occurs
during penetration. Fig. 17 shows the comparison of the 100 mm
penetration of a block and plate both in a 300 mm thick clay layer.
The figure clearly shows the reduced resistance for the plate,
including the cavity. This reduction can be explained as follows;
for the block geometry, clay below the plate cannot flow around
the tip of the plate and lateral stress will be build up against the
shaft. When the shaft is smaller than the plate, the clay can flow
around the tip, filling the open space above the plate without the
lateral resistance from the shaft.

As mentioned in the section “Centrifuge Test Results,” the im-
pact of the bottom and plate roughness on the stress—strain curves,
Fig. 6, seems remarkably small. A further analysis of the measure-
ment data shows a difference in pore pressure response for the
different boundary conditions. Fig. 18 shows the pore pressure
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Fig. 18. (Color) Pore pressure increments at the bottom of the clay layer: (a) measurements of P10 and MPM simulations for wide plate; and
(b) measurements of P11 for small plate. For positions of P10 and P11 see Fig. 2.
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response measured below the approaching plate at the bottom of the
clay layer. For the wide plate, the pore pressure increment for rough
boundary conditions is larger than found for smooth boundary con-
ditions. For the small plate the pore pressure increment is equal for
smooth and rough boundary conditions, until a penetration depth of
45 mm. For larger penetration depths, rough boundary conditions,
result in larger pore pressure increments. Fig. 18 shows that the
numerical analysis overpredicts the pore pressure response but sup-
ports the trend. The rough boundary conditions result in larger pore
pressure response than found for the smooth boundary conditions.

The differences in pore pressure development can explain the
limited influence of the bottom roughness on the measured load
in Fig. 6. Following Eq. (3), a pore pressure increment causes a
reduction in s,. The larger pore pressure increment for the rough
boundary conditions results in a lower activated s, than found for
the smooth boundary conditions. Consequently, the differences in
resistance due to differences in bottom roughness is counterbal-
anced by a difference in pore pressure generation and correspond-
ing undrained shear strength.

Conclusions

A series of plate loading tests have been conducted successfully
and data is available through Zwanenburg et al. (2023b). The test
results are used for validation of numerical tools with a focus on
geometrical nonlinearities. The tests comprise two sources of geo-
metrical nonlinearity. The first follows from the reducing clay layer
thickness during penetration of the plate. The second follows from
the backflow around the tip of the plate.

A good agreement is found between the measurement data and
numerical analyses for the load—displacement curves. Both effects
of geometrical non-linearity are identified in the numerical analy-
sis. The finite layer effect is found for the wide plate at a penetration
depth of 70 mm, B/H = 3.33. For the small plate, the effect is
found for a penetration of approximately 85 mm, B/H = 1.33.

The gap created above the plate during penetration and the cor-
responding backflow has a clear reducing impact on the measured
resistance.

While the analytical solutions are only available for the load -
displacement curves, the centrifuge data allows to validate the
numerical analysis on additional aspects. As such a good agree-
ment is found for the horizontal and vertical displacement fields.
The numerical analysis slightly overpredicts the pore pressure
development below the plate.

The differences between tests with smooth and rough boundary
conditions are remarkably small, which is explained by the differ-
ence in pore pressure development. For the rough conditions a larger
pore pressure response is found than found for smooth conditions.
The larger pore pressure response has a reducing effect on the shear
strength mobilization and consequently the total resistance.

Data Availability Statement

All experimental data generated in this study is available online
at Zwanenburg et al. (2023b): https://doi.org/10.5281/zenodo
.8066899.
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Notation

The following symbols are used in this paper:
A =superficial area of the plate;
A, =projected cone area;
a =cone area ratio, here a = 0.54;
B =width of the plate;
¢’ =soil cohesion;
D, = cone diameter;
Do = sleeve diameter of CPTu cone;
d = shaft width, see Fig. 1(c);
e =void ratio;
F . =measured force;
H =remaining height of the clay below the plate;
Ngeeve = length sleeve of CPTu cone;
hyp =tip height of CPTu cone;
K =ratio of horizontal to vertical effective stress;
Ly, = distance between the CPTu and nearest side wall;
M =tangent of the critical state line (plane strain);
m =exponent, parameter of SHANSEP formulation;
N., N.;=bearing capacity factor, bearing capacity factor for
the backflow mechanism, see Eq. (2);
N, =bearing capacity factor cone, see Eq. (5), here
Ny = 14;
¢, = undrained bearing strength;
qe»> 4is qne: =cOne resistance, cone resistance corrected for pore
pressure, cone resistance corrected for pore pressure
and overburden pressure;
S =undrained shear strength ratio at normally
consolidated conditions;
s, = undrained shear strength;
sy, sy =total horizontal displacement, total vertical
displacement;
u, Uy =pore pressure, pore pressure in steady state
conditions;
u, = pore pressure measured just behind the cone;
V =volume embedded plate;
w = water content;
wp, =liquid limit;
Ap =isotropic total stress increment;
~' = effective weight of the soil;
Ysat = bulk unit weight;
¢t =angle of internal friction in triaxial compression;
0 = apex angle;
k* =modified swelling index;
A* =modified compression index;
v =Poisson’s ratio for unl./reload;
Ol0ad = applied loading stress;
oy, o, =overburden pressure, vertical effective stress
respectively; and
oy, = pre-consolidation stress.
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