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Abstract

Experimental observations indicate that the mechanical behavior of clays is not only dependent on the stress and void ratio, but on its
inherent anisotropy. The latter is the one arising from the material sedimentation process. In this work, the inherent anisotropy of a Kaolin
clay is studied. For this purpose, soil samples are prepared with a proposed method producing samples with horizontal and vertical
sedimentation axes. The samples go thru permeability tests, unconfined compression tests, oedometric compression tests and direct shear
tests and the results carefully analyzed from the constitutive modeling point of view using the hypoplastic model for clays by [1]. Later,
identify parameters depending on the inherent anisotropy; then perform some simulations to evaluate the model performance upon different
samples with vertical and horizontal sedimentation angles. At the end, some concluding remarks are given.

Keywords: inherent anisotropy; clays; sample preparation method; hypoplastic model for clays.

Simulacion de una arcilla Caolin con ejes de sedimentacion vertical
y horizontal

Resumen

Las observaciones experimentales indican que el comportamiento mecéanico de las arcillas no solo depende de los esfuerzos y relaciones
de vacios, sino también de la anisotropia inherente. Esta tiltima corresponde a la obtenida durante el proceso de sedimentacion del material.
En este trabajo, se estudia la anisotropia inherente de una arcilla Caolin. Para este propoésito, se prepararon muestras de suelo con un método
que permite producir muestras con ejes de sedimentacion vertical y horizontal. Las muestras son posteriormente ensayadas en tests de
permeabilidad, compresion inconfinada, oedométrico y corte directo. Los resultados son analizados cuidadosamente desde la perspectiva
de la modelacion constitutiva con el uso del modelo hipoplastico para arcillas de [1]. Los parametros que dependen de la anisotropia
inherente fueron identificados, y se evalu6 el desempefio del modelo mediante simulaciones de distintas muestras con ejes de sedimentacion
horizontal y vertical. Finalmente, se presentan algunas conclusiones.

Palabras clave: anisotropia inherente; arcillas, método de preparacion de muestras; modelo hipoplastico para arcillas.

1. Introduction anisotropy, which is the one emerging from the material
deposition history, or in the case of laboratory samples, the
one created during the sample preparation.

Several authors have examined the influence of the

inherent anisotropy on permeability [2-5], strength and

In soil mechanics, anisotropic materials are those whose
mechanical properties are direction-dependent. This property
is of relevant importance considering that most soils exhibit

anisotropic behavior, especially when dealing with clay-like
soils. Authors investigating this behavior agree with the
distinction of two types of anisotropy: the inherent and
induced anisotropy. This work focus only on the inherent

stiffness characteristics [6-11], stiffness for small strains [12],
only to mention a few. Among many geotechnical
applications, the effects of the soil anisotropy have been
studied on slope stability e.g. [13-14], bearing capacity of
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foundations e.g. [15-16], soil compressibility e.g. [17], deep
excavations e.g. [18-20], and tunnels e.g. [21-22]. The
aforementioned authors showed that the influence of the soil
anisotropy is significant, and suggest their consideration on the
prediction of geotechnical structures. Robust constitutive
models able to simulate the mechanical behavior of clays are
usually employed and evaluated to investigate the influence of
the soil anisotropy on geotechnical applications. However,
users of these models should be aware of those parameters that
actually depend on the soil inherent anisotropy. There is very
few literature devoted to investigate this dependence, and
therefore more investigation in this direction is necessary.

In the present work, the inherent anisotropy of a Kaolin
clay is studied. A special sample preparation method allows
control of their sedimentation angle. Many samples with
horizontal and vertical sedimentation axes are produced and
subsequently tested. The experimental results are carefully
analyzed aided by constitutive simulations of its mechanical
response. For this purpose, it is employed the hypoplastic
model for clays by [1]. Parameters of the constitutive model
depending on the soil anisotropy are detected and calibrated
considering their sedimentation axes. Finally, simulations of
the performed experiments are submitted to evaluation and
some limitations and other relevant observations are
concluded. The notation of the article is as follows: scalar
quantities are denoted with italic fonts (e.g. a, b), vectors
with bold italic fonts (e.g. a, b), second rank tensor with bold
fonts (e.g. A, 6), and fourth rank tensors with special fonts
(e.g. E, L). Tensors represented with the indicial notation are
denoted with italic symbols with their respective lower
indices (e.g. Ajj, 0;). Multiplication with two dummy
indices, also known as double contraction, is denoted with
colon “:” (e.g. A: B = A;;B;;). When the symbol is omitted,
it is understood a dyadic product (e.g. AB = 4;;By,).

2. Experimental procedure

This section describes the experimental procedure
conducted during this work and their results are given. The
testing soil corresponds to a homogeneous Kaolin clay
(silicate mineral). Characterization tests conducted on the
Kaolin clay provided the following results. It presents a
specific gravity of G; = 2.66, a fine content (percent passing
sieve #200) of 95%, a liquid limit of LL=27%, a plastic limit
of PL=17% and plasticity index of PI=10%. According to the
Unified Soil Classification System USCS, the Kaolin clay is
a low plasticity clay. Table 1 summarizes the results. The
clay mineral corresponds to a Kaolin produced by hydrolysis

of potassium feldspar. Table 2 shows its chemical
composition.
Table 1.
Characterization results for the Kaolin clay.
Parameter Value
G, 2.66
Fine content (%) 95
LL (%) 27
PL (%) 17
PI (%) 10
USCS classification CL

Source: The Authors.

Table 2.
Chemical composition of the Kaolin clay.
Component Percent (%)
Si0, 48.0
Fe203 0.6
AlLO; 24.0
CaO 15.0
MgO 1.0
SOs 0.1
Na,O 1.2
K0 0.2
Igneous loss 9.9

Source: The Authors.

The sample preparation method begins with the
production of a slurry resulting from the hydration of a dried
Kaolin powder. A large quantity of water allows reaching 1.5
times its liquid limit, resulting in a mixture of about 1 kg of
dried Kaolin for each 420 ml of water. The slurry is
sufficiently soft to be manipulated on a large recipient Fig. 1
illustrates the sample preparation method. The slurry is then
remolded and mixed by hand, until it reaches a homogenous
state. In order to check for the homogeneity, several samples
of slurry were tested in different positions to perform water
content tests. All results evidenced that the water content of
the slurry was almost homogeneous with a liquid limit of
approximately 1.5 times the liquid limit (= 42 %). The mean
water content was of 42% and the deviation standard was of
3.5%.

For the consolidation process, a special cylindrical mold to
place the sample is used with dimensions of about 10 cm of
diameter and 10 cm of height. Some filter papers cover the inner
walls of the mold to assure an inner homogenous drainage of
the sample during its initial consolidation process. After this, a
certain amount of slurry is placed within the cylindrical mold,
see Fig. 2. During the consolidation stage, a vertical load is
applied on the top boundary of the sample while it drains
through the bottom boundary. In order to guarantee a uniform
bottom drainage, a box with compacted dry sand is placed
underneath the sample, see Fig. 3a. The sand box has
dimensions of 2.2 m long times 1.2 m width. The sand layer is
properly compacted and horizontally levelled to produce a flat
and rigid draining surface at the bottom of the sample. A high
compaction effort helped to avoid significant settlement of the
sand during the sample loading.

Figure 1. Sample preparation procedure: making the Kaolin clay slurry at
1.5 times the liquid limit. Left) Dried Kaolin powder. Right) Kaolin clay
slurry after its hydration.

Source: The Authors.
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The vertical load for the consolidation process is applied
by assembling a piston to the top of the mold, see Fig. 3
(bottom). The piston induces a vertical stress depending on
the selected weight. In order to avoid a tilted settlement of the
sample, an increasing loading sequence was necessary with
the following order: 10 kPa (8 kg) during the first day, 20 kPa
(16 kg) during the second day and 40 kPa (32 kg) during the
three subsequent days. Notice that the consolidation process
takes about 5 days to produce good quality samples. The
results with the selected loading sequence proved to produce
homogenous samples with similar void ratios. After this
procedure, samples were unloaded and carefully unconfined,
see Fig. 4. At this point, all samples presented a vertical
sedimentation axis coinciding with the gravity direction.

After their initial consolidation, samples received their final
geometry with a special trimming device for clays shown in Fig.
5. Considering that the final sample diameter depends on the test
to perform (e.g. unconfined compression, direct shear test, etc),
different top plates compatible with the trimming device were
produced with a 3D printer. The top plate of the trimming device
(see Fig. 5 left)) was designed with the software SolidWorks and
printed with a hard polymer. Two kind of samples were trimmed:
samples with vertical sedimentation axes, hereafter identified
with its sedimentation angle & = 0°, and samples with horizontal
sedimentation axes, i.e. a = 90°. There is a schematic
illustration of the trimming procedure to obtain the two different
sedimentation axes in Fig. 6. With their final geometry, samples
of Kaolin clay are proved to quantify the influence of the
sedimentation angle on different properties, such as permeability
and strain-stress characteristics. Next section describes the
conducted experimental procedures and their results.

SR
‘;::! w‘h—-&‘

F igl‘,l-re 2. Mold with the Kaolin clay slurry.
Source: The Authors.

Stress

10-40 kpa

Piston

Sample mold

Kaolin

Sand

Figure 3. Top) Box with compacted dry sand as bottom drainage. Bottom)
Mold subjected to a vertical load and placed on the sand box.
Source: The Authors.

Filter paper

& D

Figure 4. Kaolin clay samples after their initial consolidation process and
before trimming to their final geometry.
Source: The Authors.

Sample height
knob

Height-fixing
knob

Knob of
the base

Figure 5. Clay trimming device to obtain the final sample geometry.
Source: The Authors.

Initial
Sample
Sedimentation axis

Initial

Sedimentation axis

a=o a=90°

Figure 6. Schematic representation of the procedure to obtain the final
sample geometry. Left) sample with vertical sedimentation axis. Right)
with horizontal sedimentation axis.

Source: The Authors.

3. Experimental results

This section presents the experimental results of the
Kaolin clay. Four different experiments on samples with
horizontal @ = 90° and vertical @ = 0° sedimentation axes,
named permeability tests, unconfined compression tests,
oedometric tests and direct shear tests were executed. The
following lines give and examine the results of each test.

The first corresponds to the permeability test. They were
variable head permeability tests considering the low
permeability of the Kaolin clay. Samples within the
permeameter with a height of 3 cm were flooded with
distilled water during two days to guarantee its complete
saturation. After this procedure, samples with horizontal & =
90° and vertical ¢ = 0° sedimentation axes were tested.
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Table 3 shows the results of the permeability. All results
showed that samples having a horizontal sedimentation axis

Table 4.
Results of unconfined compression tests.

a = 90° present a higher permeability than the ones with Parameter — Value
vertical sedimentation axes « = 0° The average S, [kPa] Mml,mum 35
permeability ratio K(a = 90°)/K (a = 0°) is equal to 2.03. (a = 0° Maximum 38
Similar results are in [2-4]. M,ea,n 36.3
s, [kPa] Mml.mum 26
Table 3. - . . (@ = 90°) Maximum 28
Results of permeability tests with Kaolin clay. Mean 27
No. e[-] a[°] K[cm/s] Average E [kPa] Minimum 3800
1 0,98 6,18E-7 o Maximum 4400
2 0.99 0 5.63E-7 5.94E-7 @=09 Mean 4100
3 0,97 (vertical) 6,00E-7 E [kPa] Minimum 2300
4 0.97 1,26E-6 o Maximum 2900
5 0.97 90 1,17E-6 1.21E-6 (@ =90 Mean 2600
6 0.99 (horizontal) 1,21E-6 Source: The Authors.
Ratio 2.03
Source: The Authors.
The following experiments correspond to the oedometric
The next experiments correspond to unconfined compression tests, which included an unloading-reloading

compression tests. A total number of 10 samples are sheared,
five of them having vertical sedimentation axis ¢ = 0° and
the others with horizontal sedimentation axis & = 90°. The
number of samples for each sedimentation angle allows us to
evaluate the experiment reproducibility. The sample diameter
was set to 6 cm and its height to 6 cm. The environmental
humidity was under control to conserve samples under
saturated conditions before shearing. Considering that all
samples were prepared under the same conditions, they all
had the same initial void ratio. All samples are sheared until
reaching a vertical strain of about 25%. Fig. 7 shows the
results of the unconfined compression tests show that they
are qualitatively well reproducible. The experimental curves
indicate that samples with horizontal sedimentation axis are
softer than the others, i.e. the Young’s modulus (for loading)
E of samples with horizontal sedimentation angle @ = 90°
are lower than those with vertical sedimentation angle a =
0°. The resulting ratio of the Young’s modulus E between
samples with horizontal and vertical sedimentation axes,
E(a =90°) and E(a = 0°) respectively, ranges between
E(a =90°)/ E(a = 0°) = {0.6 to 0.8}. Similarly, the ratio
of unconfined shear strengths between samples with
horizontal and vertical sedimentation axes ranges between
Su(@ =90°)/S,(a =0°)={06 to 0.8} Table 4
summarizes the results of the unconfined compression tests.

80
70
60
50
40
30
20
10

0

Vertical stress s, [kPa]

0 5 10 15 20 25
Vertical strain & [%]

Figure 7. Unconfined compression test results of Kaolin clay.
Source: The Authors.

cycle. Two samples, one with horizontal and other with
vertical sedimentation axis were tested. Special care
produced very similar initial void ratios for both samples.
Before proceeding with the oedometric compression,
samples were flooded with distilled water within the
oedometric apparatus during two days to guarantee their
complete saturation. Fig. 8 shows the results and exhibit a
similar pattern as by unconfined compression tests: samples
with the horizontal sedimentation axis behave softer than the
one of others. However, both experimental curves seem to
yield to the same normal consolidation line for large stresses
(mean stress p > 100 kPa). This behavior resembles some
destructuration theories for clays [23], although their
fundaments are associated with particle cementation and not
with inherent anisotropy. On the other hand, unloading-
reloading cycles showed a similar slope on both samples. The
last observation suggests that elastic properties of the Kaolin
clay are independent of its inherent anisotropy.

Finally, four different direct shear tests were performed,
each of them having three points at normal stresses of
approximately 50, 100 and 150 kPa. In total, 4 tests were
conducted, two of them with samples having horizontal
sedimentation axis a = 90° and the others with vertical
sedimentation axis @ = 0°. It must be reminded that samples

0,9

—a&— Experiment a

0,8 =0°
T 07 —— Experiment a
o =90°
2 06
o
el
s 05
>
0,4
0,3

1 10
Mean stress p [kPa]

100 1000

Figure 8. Results of the oedometric test.
Source: The Authors.
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are expected to present very similar initial void ratios before
placing them into the direct shear device. All samples received
saturated distilled water during two days and subsequently
consolidated to their respective normal stresses. After reaching the
initial consolidation pressure, samples received shearing under a
constant velocity of 0.05 mm/min to assure drained conditions.
The experimental results are in Fig. 9. Two main
conclusions calls the attention: the first is the fact that all
samples reached the same failure line. The fact that the failure
condition was reached after large deformations without
presenting a peak stress, indicates that the friction angle
coincides with the critical state friction angle ¢, which
resulted in approximately ¢, = 20.5°. The second is the
difference between the initial stiffness for samples with
vertical and horizontal sedimentation axes. Once more,
samples with horizontal sedimentation axes are softer than
those with vertical sedimentation axes, observation
corroborated by the previous experimental results.

4. Brief description of the constitutive model and
calibration

This section presents simulations of the experimental
behavior of the Kaolin clay. This work applies the
hypoplastic model for clays by [1]. The model is self-
categorized as hypoplastic considering the fact that it lacks of
a yield surface and resembles other former hypoplastic
models for sands [24-25]. The hypoplastic model for clays is
able to simulate the mechanical behavior of saturated clays
under monotonic loading. Extensions for cyclic loading are
also available in the literature [25-28], two of them proposed

200
g
= 150 100 kPa
—
3
E 100
©
[}
& 50
0
0 1 2 3 4 5
Horizontal displacement §, [mm]
200 f @=90° 150 kPa
g
= 150 100 kPa
—
3
E 100
©
[}
& 50
0

0 1 2 3 4 5
Horizontal displacement §, [mm]
Figure 9. Direct shear test results. Top) Samples with vertical sedimentation

angle @ = 0°. Bottom) Samples with horizontal sedimentation angle & = 90°.
Source: The Authors.
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by the first author of this work, however, these extensions are
not herein required.
The general equation of the hypoplastic model for clays is:

o=fL:é+ fifyNIé€ll '6))

Where g is the stress rate, € is the strain rate, f, f; are scalar
factors, N is the non-linear stiffness (second order tensor) and £
is the linear stiffness (fourth order tensor). Deduction and
analysis of the constitutive is in [1] and [29], but is out of the
scope of the present article. The model requires the calibration of
five material parameters: ¢, A", k*, N and r. A brief description
of their calibration procedure is given in Appendix 8.2 and their
names, approximate range and some useful experiments for their
calibration are listed in Table 5. The constitutive model has been
implemented in a Fortran subroutine UMAT compatible with the
commercial software Abaqus Standard. Implemented is an
explicit integration scheme with substepping algorithm in which
a very small substepping size has been selected to assure
numerical convergence. The material subroutine is previously
tested in many simulations and showed agreement with other
reported simulations, e.g. [1] and [29].

Two sets of material parameters passed calibration for
samples with horizontal and vertical sedimentation axes
respectively. Upon the calibration procedure, it has been
detected, that while parameters A", N depend on the soil
sedimentation axis, k*, ¢, and r seem to be constant and
independent on the material inherent anisotropy. The fact that
the critical state friction angle ¢, remains constant, is in
agreement with some other authors e.g. [30].The calibrated
parameters are listed in Table 6. Notice that the ratio of A*
(=0.77) is within the range obtained for the Young modulus
from unconfined compression tests (=0.6-0.8), see section 3.

Table 5.
Parameters of the hypoplastic model for clays.

Name Approx. Range  Useful experiment
Constant for

N norma! . 0.1-10 Oedometric test
consolidation
line

A Butterfield 0.01-1 Oedometric test

loading index
.  Butterfield

K L 0.001-0.1 Oedometric test
swelling index
- Stifficss factor 0-3 ;1;rsltax1al test, direct shear
Critical state o Aco Triaxial test, direct shear
Pc 5°-45

friction angle test

Source: The Authors.

Table 6.
Values of the material parameters for horizontal and vertical sedimentation
angle.

o Cae Ratio
a=90 a=0 @=90°/a=0°)
N 0.79 0.92 0.86
A 0.085 0.11 0.77
K 0.011 0.011 1
0.3 0.3 1
Pc 20.5 20.5 1

Source: The Authors.
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5. Simulations of experimental results

In this section, oedometric and direct shear tests with the
Kaolin clay are simulated. The hypoplastic model for clays
by [1] is employed using the parameters from Table 6. The
following lines analyze the simulation performance.

The first test corresponds to the oedometric compression,
and is given in Fig. 10. The simulation assumed element test
conditions, i.e. the stress and strain fields were assumed to be
homogenous. The simulations showed agreement with the
oedometric curves. The unloading-reloading cycle was also
simulated although the model lacks of small stiffness effects.

The simulations of direct shear tests are now analyzed.
These simulations cannot assume element test conditions
(homogenous field) considering the induced shear band
produced to the sample. Therefore, its simulation has been
performed with a finite element Boundary Value Problem
(BVP). The sample has a circular shape with a diameter of
6.35 cm and height of 2 cm. No geometry partition has been
made to avoid the use of interface elements between the top

0,9 .
a=0 Model
0,8
= 07 Experiment
()
206 F
o
T o5 F
o
>
04 F
0,3 sl s
1 10 100 1000
Mean stress p [kPa]
09
[ « =90°
08 E Model
HO,7 - Experiment
[
206 F
e
205 F
>
04 F
0,3 R
1 10 100 1000

Mean stress p [kPa]
Figure 10.Simulation of oedometric tests with Kaolin clay. Top) samples
with vertical sedimentation axis a = 0°. Bottom) samples with horizontal
sedimentation axis & = 90°.
Source: The Authors.

Table 7.
Initial conditions for the simulation of the direct shear test.
Vertical stress [kPa] Initial void ratios

a=0° a =90°
50 0.63 0.57
100 0.53 0.49
150 0.46 0.44

Source: The Authors.

and bottom bodies of the sample. The mesh is shown Fig.
11(top). The test was simulated under drained conditions, and
hence 3D finite element for static analysis are employed. No
gravity has been considered due to the small height of the
sample. The initial conditions for vertical stresses and void
ratio were given in accordance with the experimental
measurements, which are reported in Table 7. An example of

U, Magnitude

+0.0e+00

Figure 11. Finite element model for the direct shear test. Top) mesh of the
model. Bottom) contours of displacements at the end of the simulation for
a=0.

Source: The Authors.

Experiment

200
Model

150 kPa

a=0°

150

Shear force T [kN]
=
o
=)

50

0 1 2 3 4 5
Horizontal displacement 6x [mm]

Experiment
Model

200 150 kPa

150 100 kPa

100

Shear force T [kN]

50

0 1 2 3 4 5
Horizontal displacement 6x [mm]

Figure 12. Simulations of direct shear test. Top) samples with vertical
sedimentation axis a = 0°. Bottom) samples with horizontal sedimentation
axis a = 90°.

Source: The Authors.
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its distorted mesh after the simulation is shown in Fig.
11(bottom). The results in the space of shear force T against
horizontal displacement J, are shown in Fig. 12 and exhibit
accurate predictions of the model. Small discrepancies are
observed for the case of the sample with horizontal
sedimentation axis & = 90°, Fig. 12(bottom).

6. Simulation of a bearing capacity problem

Finally, the influence of the inherent anisotropy is
analyzed in a Boundary Value Problem (BVP). The problem
simulates a rigid strip foundation with a width of 1 m
supported by the ground surface. This analysis considers 2D
finite elements under plane strain conditions. Fig 13 shows
the dimension and mesh of the BVP. We assumed that the
soil is dry, and therefore drained conditions under static
analysis. For the sake of simplicity, the strip foundation load
is simulated with the application of a vertical displacement of
-0.7 m. The resulting reaction force below the foundation is
analyzed to compute the ultimate bearing capacity. The BVP
is repeated twice, one with parameters for vertical
sedimentation axis @ = 0° and the second for horizontal
sedimentation axis ¢ = 90°.

The initial conditions are as follows. An initial vertical
stress resulting from the gravity load with a constant (dry)
specific weight of y; = 15kN/m? is considered. Initial
horizontal stresses are computed with a lateral earth
coefficient of K, = 0.65. The initial void ratio are computed
following the Butterfield relation for normal consolidation
line log((1 +e)) = N — A*log(p * F) with parameters for
a = 0 ° and assuming a factor of F=1.5. The latter factor F
has been computed as an approximation to reproduce the
behavior of a normally consolidated clay under oedometric
(and not isotropic) conditions. Horizontal displacements are
restrained at the lateral boundaries while vertical
displacements are restrained at the bottom boundary. Fig. 14
shows an example of the final contours of the deviator stress
q=v@3/2) 1l a" Il.

Fig. 15 shows simulated results. The plot shows the
resulting reaction vertical stress against the settlement. The
result resembles the conclusions from the unconfined
compression test and direct shear test, in which an initial
softer behavior of the soil with horizontal sedimentation axis

Uy=-0.7m

Y

- 20m

Figure 13. Geometry and mesh of the boundary value problem.
Source: The Authors.
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exists. There exists some discrepancies at the maximum
reaction vertical force. This suggests that the ultimate bearing
capacity of the soil depends on the inherent anisotropy.

7. Final remarks

The inherent anisotropy of a Kaolin clay has been tested
and analyzed. The experimental results shows a significant
influence of the inherent anisotropy. Permeability tests
indicates a higher permeability for samples with horizontal
sedimentation axis. The ratio is approximately of two times
with respect to the vertical permeability. The influence of the
inherent anisotropy is also confirmed on the stress-strain
behavior reported by the unconfined compression test,
oedometric test and direct shear test. They all showed that
samples with horizontal sedimentation angles exhibit softer
stiffness during shearing.

The calibration process using the hypoplastic model for
clays demonstrated some parameters not affected by the
material inherent anisotropy. This is the case of the swelling
index k*, critical state friction angle ¢, and stiffness factor r.
These parameters are responsible of the elastic response and
critical state of the soil. Finally, a simulation of a bearing
capacity problem using finite elements showed that
consideration of the material anisotropy is of importance in
some geotechnical problems and should not be ignored.
Currently, there is more investigation to study the effect of
the inherent anisotropy under cyclic conditions.

S, Mises

Figure 14. Contours of the deviator stress q = \E || 6* |I. Values in kPa.

Source: The Authors.

45

E a=0°
35 F
30 F
5 F
20 F
15
10 F

a =90°

Reaction vertical stress [kN]

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0,2 0,4 0,6 0,8
Settlement [m]

Figure 15. Reaction vertical stress under the footing.
Source: The Authors.
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Appendix
Hypoplastic model for clays

The general relation of the hypoplastic model for clays is

[1]:

o= fL: &+ fifaNléll 2)

Where ¢ is the stress rate, € is the strain rate, f;, f; are
scalar factors, N is the non-linear stiffness (second-rank
tensor) tensor defined as:

iy 3)
N=L: Y mp

Where Y is the degree of non-linearity, m is the
hypoplastic flow rule and £ is the hypoelastic stiffness
(fourth rank tensor):

L =3(¢,I + c,a%8 @ 7) 4)

Where I is a second-order unity tensor, [jj; =
1 . .
5(1“{1]'1 +1;1j) is a fourth-order unity tensor and the
stress dependent magnitudes are defined as:

— =2 5 _5_
tro =0:1, 6=—, 0°=0-1/3 ®)
The scalar factor a is defined as:
V3(3 — sin
o = V3G = singe) (6)

2+/2 sing,

The degree of nonlinearity Y considers the Matsuoka-
Nakai yield surface for failure conditions and is:

(1112 + 9[3)(1 - Sinz(pc) +

Y=(,—-1
(Yo = 1) 815sin? ¢,

Yo ()

With Yy = v3a/(3 + a?) and I, I, and I; being the stress
invariants defined as:

11 = tI‘O‘, 12 = 0.5 [0': g — (11)2], 13 = (8)
deto
The hypoplastic flow rule m reads:
al. _, ©f 60:6—1
m=—F c+0 3\ 9)

With factor F given by:

F 1 tanZy + 2 — tan?y 1
= |=tan -—
8 2 ++/2tanpcos30 22

Where the angles i and 6 are computed from the

relations:
tan tr(6* - 6" - %)
— V3l cos360 = —/6 G " (11)
Barotropy and pyknotropy factors f; and f;read
tro
fi=-5 (3 + a? — 2%aV3)
(12)

| 2tre In(1 +e) — N\]*
o= [55re (5 )

Where p, is the reference stress 1 kPa and the scalar
quantity is « is calculated by:

1 | A —k*(3+a?
“Thz M rr av3

Finally, factors c; and c, are as follows:

(13)

2(3 +a? —2%a/3)
“a= 9r

3
C2=1+(1_C1)E

(14)

Short guide for material parameters calibration

The hypoplastic model for clays requires the calibration
of 5 parameters: ¢, A", k*, N and r. A simple calibration
procedure is in the following lines. Analysis and details of
these parameters may be found elsewhere [30]:

e  (ritical friction angle ¢.: it may be calibrated under
triaxial test or direct shear test for points lying at large
deviator strains &, > 20%.

e  Butterfield compression index A1*: can be adjusted to the
points lying on the normal consolidation line according
to the Butterfiled relation log((1+e,)/(1+e,)) =
—A'log(p2/p1)-

e  Butterfiled swelling index x*: can be adjusted to the
points lying under a unloading-reloading cycle on an
oedometric test following the relation log((1+ e;)/
(1+e;)) = —x’log(pa/p1)-

e Constant for normal consolidation line N: can be
adjusted from the points lying on the normal
consolidation line under isotropic conditions according
to the Butterfield relation log((1+e)) =N —
A"log(p).

e  Shear stiffness factor r: can be adjusted by trial and
error to match the shear stiffness under triaxial or direct
shear test shearing.
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