








Consolidation Test of Tertiary Clay at Moesgaard Museum

tion E.3.
_ k- Eeod

T
¢y 1s determined for each load step and can be plotted as a function of the
effective stress ¢’ after ended test, cf. Figure E.5.
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Figure E.5: Lotte Thggersen's method of determining GI’JC. According to Thggersen
(2001, Fig. 5.9).

When the effective stresses exceed the preconsolidation stress O, the clay
becomes normally consolidated as the overconsolidation ratio is smaller
than 1. In this area larger deformations occur leading to decreasing per-
meability. Simultaneously, the oedometer modulus E,,; is increasing ac-
cording to Equation E.4 leading to an almost constant or slightly increasing
product of k and E,.4. GI’,C is estimated as the value where c; becomes
almost constant or slightly increasing with increasing o’

1o
Cee

Eoed = (E4)

(Thggersen, 2001)

E.2 The Consolidation Tests

An addition to the existing Danish Moesgaard Museum 10 km south of
Aarhus is to be accomplished during the next three years. Unfortunately,
problems have been experienced concerning upward movement of the struc-
ture; these problems are partly analysed by laboratory tests. Two consoli-
dation tests are conducted on the tertiary clay formation to determine the
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one-dimensional deformation. For the laboratory tests, two test tubes con-
sisting of A-tube specimens are available as described below.

* Boring B105, test specimen 29, drawn at 14.0-14.7 m below ground
surface

* Boring B106, test specimen 21, drawn at 10.0-10.8 m below ground
surface

Test specimen 21 from boring B106 might be sandy and test specimen 29
from boring B106 is used in the laboratory test since it is expected to repre-
sent the very plastic clay without glacial sand or gravel. (COWI A/S, 2010)
The location of Moesgaard Museum can be seen in Figure E.6.
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Figure E.6: The location of Moesgaard Museum near Aarhus.

In the following, the first consolidation test is described in detail.

E.3 Soil Conditions

The geological description of the area of Moesgaard Museum is based on
boring records of the two borings and soil description in connection with
the laboratory tests.

The soil conditions are as follows: Uppermost, about 0.5 m of late glacial
solifluction deposits consisting of sandy clay is encountered. Subsequently,
about 11 m of glacial clay till with a few layers of melt water clay, silt and
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sand of about 0.5-1.0 m extent is encountered. This is underlain by 18 m
of glacially disturbed, tertiary sheets of Viborg Clay from Lower Oligocene
and the plastic clay Rgsnes Clay from Eocene. The clay is characterised
as very plastic, greyish olive green, the upper part with a few pyrite con-
cretions, the lower part slightly micaceous with a few sand strias and gravel
grains. The layer is not penetrated by the boring. The water level is situated
5.0 m below ground surface.

The test specimen used in the consolidation test was found to be very ho-
mogeneous with only a few sand grains, cf. Figures E.7 and E.8.

Figure E.7: Homogenised soil Figure E.8: Traversed dried soil
used for classification tests. specimen used in the consolidation
test.

The natural water content of the glacial clay is varying between 19.0 % and
35.5 % with an arithmetic mean of 30.1 %. The natural water content is
determined in connection with the laboratory tests to be in the range w =
32.8 —34.1 % with an arithmetic mean of 33.2 %.

The saturated unit weight is varying between 18.8 kN/m? and 21.4 kN/m?
with an arithmetic mean of ¥, = 19.6 kN/m3. In the laboratory the satu-
rated unit weight is measured to be in the range s, = 18.1 — 18.7 kN/m?>
with an arithmetic mean of ¥, = 18.4 kN/m°.

The plasticity and liquidity limits are in the ranges wp = 28.0 —39.0 % and
wr =91.0 —92.0 %, respectively, leading to a plasticity index in the range
Ip = wr, —wp = 53.0 — 63.0 % with an arithmetic mean of 58.0 %. In the
laboratory, the plasticity and liquidity limits are found to be in the ranges
wp = 34.5—-35.0 % and wy, = 95.0 — 105.6 %, respectively, leading to a
plasticity index in the range Ip = 60.0 —71.1 % with an arithmetic mean
of 65.5 % By these values of wy, and Ip the soil is characterised as a clay

91



APPENDIX E

with very high plasticity by the Casagrande chart in agreement with the
geological description (Krebs Ovesen et al., 2007).

E.4 Test Preparation

To ensure that no additional swelling caused by osmotic pressure is pro-
duced by adding de-ionised water to the test specimen, the chloride concen-
tration and pH value of the pore water of the soil is determined for mixing
the correct water used in the test.

The chloride concentration of the pore water is measured by the procedure
described by Grgnbech (2010). To obtain equivalent concentration in the
test water, it is found that 5.13 g/l must be added to the water.

The pH value of the water used in the test is chosen as 9.20 and measured
as 9.19.

E.5 Test Procedure

The applied test setup is the Danish Consolidation Apparatus developed by
Moust Jacobsen, cf. Figure E.9.
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Figure E.9: The Danish Consolidation Apparatus. After Thggersen (2001, Fig. 5.1).
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The specimen is carefully pressed out of the A-tube with a diameter of
70 mm until it is possible to place the transition tube, cf. Figure E.10, of a
diameter of 60 mm in continuation of the A-tube, which is after a few cen-
timetres. A 60 mm specimen is used because the magnitude of the precon-
solidation stress G;C is expected to be very high. After placing the transition
tube, the specimen is pressed out of the A-tube until the transition tube is
filled and the specimen is cut off. Subsequently, the specimen is installed in
the oedometer ring, trimmed to a height of 30 mm and placed in the cell. A
double-sided drain with porous filter in top and bottom is used, where the
filter areal approximately equals the specimen area for faster drainage.

Figure E.10: Transition tube with a diameter of 60 mm.

After the installation of the specimen, the two displacement transducers are
positioned and adjusted and the cell is filled with the salt water mentioned
in Section E.4 to ensure full saturation of the specimen during the test, cf.
Figure E.11. If the specimen is not fully saturated, negative pore pressure is
generated in the pore water leading to effective stresses of such an amount
that the void ratio changes significantly (Harremoés et al., 1997).
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Figure E.11: Oedometer cell installed on the test table.

The loading program is listed in Table E.1 where the load is applied in a
distance to the apparatus so that the load acting on the cell is ten times the
applied load, cf. Figure E.12. The load on the soil specimen consists of
both the load on pressure head, cf. Table E.1, and the pressure as a result of
the weight of pressure head and ball. The weight of pressure head and ball
is measured as 441 g resulting in an additional pressure of 1.5 kPa.

Table E.1: Loading program of the consolidation test.

Step Applied load [kg] Load on pressure head [kg] Load on pressure head [kPa]

1 0.3 3 10.4
2 0.6 6 20.8
3 1.2 12 41.7
4 23 23 79.9
5 43 43 149.3
6 8.7 87 302.2
7 17.3 173 600.8
8 34.6 346 1201.7
9 69.1 691 2399.9
10 138.2 1382 4799.8
11 250.5 2505 8700.2
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Figure E.12: Test setup of the oedometer apparatus and loading system.

The test proceeds in the following manner:

1. The data collecting program is started,
2. Loading according to load step 1 is applied,

3. When swelling occurs, i.e. when both transducers are measuring up-
wards movement, loading according to load step 2 is applied,

4. The above is repeated until no swelling is observed,

5. The remaining load steps are applied every other day if secondary
consolidation has occurred. This is observed by nearly zero compres-
sion measured by the transducers corresponding to fully drainage of
pore water (Harremogs et al., 1997). A visual inspection of the time
curves also reveals the occurrence of secondary consolidation by an
S-shaped development.

During the test, interrelated measurements of time and displacement are
stored.
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E.6 Test Results

In the following the results of the first consolidation test are outlined.

E.6.1 Swelling Pressure

Swelling of the soil specimen stopped during load step 5 leading to a swelling
pressure in the range o = 150.8-303.7 kPa when the pressure originating
from the pressure head and ball is taken into account. The total in situ
stress determined about 14.2 m below ground surface for the saturated unit
weight s = 18.5 kKN/m? is oy, = 120.7 kPa which is close to the interval
of the swelling pressure. The pressure 303.7 kPa was applied 1 hour and 10
minutes after starting the consolidation test.

E.6.2 Deformation Parameters Determined by Consolida-
tion and Creep Progress for Each Load Step

The consolidation and creep, also known as secondary consolidation, progress
are determined for each load step by use of the calculation spreadsheet pro-
vided by Aalborg University. In the following, the traditional interpretation
method using (\/f,e)— and (logt,€)-depictions of the strains is applied to
load step 9.

The total load, i.e. the load on the pressure head and the pressure originating
from the pressure head and ball, for load step 8 is 6’ = 1203.2 kPa and for
load step 9 6’ = 2401.4 kPa, thus a load increase after full consolidation of
Ao’ = 1198.2 kPa.

In the spreadsheet provided Aalborg University, two points on the linear
part of the time curve in (v/7,€)-depiction is marked for fitting a linear
regression line to the primary consolidation. In the same way, two points
are marked on the approximately linear part of the (logz,e)-depiction in
the end of the S-curve for fitting a linear regression line to the secondary
consolidation. The constant ¢’ is adjusted so that the two linear regression
lines intersect at the dimensionless time factor 7 =t /¢’ = 1. For load step 9
the constant ¢’ is found to be ¢ = 529.2 min leading to the time curve shown
in Figure E.13.
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Figure E.13: Consolidation and creep progress for load step 9 determined by traditional

consolidation analysis.

The linear regression lines are defined by Equation E.5.

S(I): al\/T+b1
aylogT + by

Where:

forT <1

forT > 1 (E.5)

ap,ay are the slopes of the linear regression lines, cf. Table E.2
bi,by are the points of intersection between the regression lines and
the €-axis, i.e. the starting strain of the consolidation &, cf.

Table E.2.

Table E.2: Parameters for the expressions for the the linear regression lines. The
numbers 1 and 2 represent indices for a and b indicating consolidation and creep,

respectively.

al%  b[%]

I 3970  6.668
2 0590 10.638

The factor a; equals the creep strain &;.

The secant modulus E5 for load step 9 is determined by Equation E.6.

Ao’ 1198.2 kPa

Esy =

€1009 — €1008  10.638 % — 6.356 %

<100 =27.98 MPa (E.6)
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Where:
€100,8 1s the strain at full consolidation for load step 8,

€100,9 18 the strain at full consolidation for load step 9.

The local constrained modulus for load step 9 E,4 ; is determined by Equa-
tion E.7.

Ao’ 1198.2 kPa

Eped) = - 100 =30.18 MPa  (E.7
o 000 — €00 10.638 % — 6.668 % a (ET)

The consolidation coefficient ¢ is determined by Equation E.8.

Hj,s 00138 m

= =6.0-10"7 m? E.8
/5292 min-60 m/s (E.8)

Ci =

Where:
Hp s is the distance of drainage at U = 25 %.

The coefficient of permeability k is determined by Equation E.9.

L kY _ 6.0 1072 m?/s- 10 kN /m?

= =2.0-10712 E9
E()ed,l 30.18 MPa - 103 m/s ( )

E.6.3 Determination of Preconsolidation Stress

The preconsolidation stress 0'1’% is estimated by the Terzaghi method where
the primary path and the virgin curve of the load-displacement curve can be
seen in Figure E.14.

o' [kPa]
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0 1 L | J

€100 [%6]
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-e-Primary path -=Virgin curve

Figure E.14: Primary path and virgin curve for the consolidation test.
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The reference stress is found to be 6. = 674 kPa leading to a preconsolida-
tion stress of o, ~ 1350 kPa.

Estimated by Akai’s method, the preconsolidation stress is in the range
Gl/,C ~ 1200 — 2400 kPa, cf. Figure E.15.

1 .
0.8 A
0.6

[%]

« 0.4

0.2 1

0 2000 4000 6000 8000 10000
o' [kPa]

Figure E.15: Plot of the creep strain & and the effective stress 6’ where the range of

0, is indicated by the vertical red lines.

Estimated by Janbu’s method, the preconsolidation stress is approximately
G;,C ~ 1800 kPa, cf. Figure E.16.
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Figure E.16: Plot of the secant modulus E5y and the effective stress ¢’ where the
approximate value of Gz/vc is indicated by the vertical red line.

Estimated by the coefficient of consolidation cg, the preconsolidation stress
is approximately Gl’,c ~ 1200 kPa, cf. Figure E.16.
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Figure E.17: Plot of the coefficient of consolidation c; and the effective stress o’
where the approximate value of G[/,C is indicated by the vertical red line.

The estimations of 61’70 are listed in Table E.3.

Table E.3: Estimations of the preconsolidation stress o, by different methods.

Method GI’,C [kPa]

Terzaghi 1350
Akai 1200-1400
Janbu 1800
Ck 1200

E.6.4 Determination of Compression Index of the Primary
Loading Path

The compression index is determined as the slope of the linear part of the
primary loading path as C.e = 15.9 %.
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TRIAXIAL TEST OF TERTIARY
CLAY AT MOESGAARD MUSEUM

In addition to the consolidation tests, a triaxial test is conducted to deter-
mine the undrained shear strength ¢, and the effective strength parameters
¢ and ¢’. This appendix describes the procedure of the test and the defor-
mation of the test specimen after the test.

F.1 Soil Conditions

The geological description of the soil can be seen in Appendix E. The
natural water content of test specimen 29 from boring B105 is determined
before the triaxial test as w =32.4 %. In the laboratory the saturated unit
weight is measured before the triaxial test as ¥, = 18.3 kN/m> which is
used in the calibration of the numerical model. The void ratio is determined
before the triaxial test as e = 0.95.

F.2 Test Procedure

The first phase of the triaxial test is the trimming of the specimen to a cylin-
der with the dimensions H = D = 70 mm. After installation of the specimen
in the triaxial cell, a negative pressure of 20 kPa is added. After filling of
the cell, the specimen and the drains in top and bottom are saturated and the
backpressure of 200 kPa is established. Backpressure is applied to the pore
water to obtain maximum saturation.

After the trimming of the test specimen, the loading phase with open drains
is initiated to recreate the stress history. This is conducted two days af-
ter the end of the test trimming phase to ensure that all pore pressure has
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drained away. The loading phase is conducted as an anisotropic loading
controlled by Ky. This procedure is selected rather than an area controlled
loading to minimise time consumption. At first, the specimen is loaded
to 0-9'61/;c which for the preconsolidation stress determined by the consol-
idation test as GI/,C = 1300-1400 kPa, cf. Appendix E, leads to the range
1170-1260 kPa. The value of 0.9-61’,6 1200 kPa is used. The effective inter-
nal angle of friction is estimated as ¢’ = 16° by which K| is determined as
0.72 by Equation F.1.

Ky=1—sing’ =1—sin16° =0.72 (F.1)
Hence, the radial stress is determined as o3 = Ko - 0,,. = 865 kPa.

Secondly, after two days at this stress state, the specimen is unloaded with
constant K to the effective vertical in situ stress determined about 14.2 m
below ground surface for the submerged unit weight ¥ = 18.5 kN /m> —
10 kN /m® = 8.5 kN/m? as o}, = 120.7 kPa. This leads to an overconsoli-

dation ratio of OCR = % = 9.9 by which Ky oc is determined as 3.76 by
0
Equation F.2.

Ko.oc = Ko- OCRX> = 0.72.9.9°7 = 3.76 (F.2)

Hence, the radial stress is determined as Gé = 454 kPa. Unfortunately,
something went wrong with the unloading equipment, and the specimen
was only unloaded to 6] = 544 kPa and o} = 610 kPa.

The test is conducted with a backpressure of 200 kPa to minimise the effect
of air inside the cell, if any. The stress steps can be seen in Table F.1.

Table F.1: Stress steps for the consolidation phase of the triaxial test. The values in
parentheses are the desired values which were not reached.

Description Axial stress G]’ [kPa] Radial stress cg [kPa] Backpressure [kPa]
Loading t0 0.9 - G]’,C 1200 865 200
Unloading to o) 544 (120) 610 (454) 200

The third phase is the failure test where the specimen is loaded to failure
with a strain rate of 0.5 %/h. The loading happens undrained with open
drains but constant volume and Au = 0 for constant u = the backpressure.
The failure test is conducted two days after the end of the loading phase.
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F.3 Deformation of Test Specimen

After the completion of the triaxial test, some deformation of the test speci-
men is observed. The shape of the specimen is no longer completely cylin-
drical as seen in Figure F.1a.

a.

Figure F.1: Deformed test specimen after the completion of the triaxial test.

Additionally, Figures F.1b and F.1c show that no large stones are present
in the test specimen. The presence of stones in the specimen implies an
increase in the strength of the soil which does not reflect the true strength
properties.

As seen in Figures F.1b and F.1c, the bottom of the specimen, which corre-
sponds to the top of specimen when installed in the triaxial cell, is corrected
with plaster. This should not have any influence on the results.
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ABOUT PLAXIS 2D

In this appendix, the concept of modelling in PLAXIS is briefly described,
followed by a listing of several issues which are important to be aware of
in PLAXIS. This is followed by a description of initial stresses, applied
material models and interfaces.

G.1 About Modelling in PLAXIS

The geometry model is based on the components points, lines and clus-
ters, whereas the finite element mesh is based on elements, nodes and stress
points. Clusters are divided into either 15- or 6-node triangular elements to
model the soil where the former provides accurate calculation of stresses
and failure loads, and the latter a quick calculation. (Brinkgreve et al.,
2008c)

The 15-node triangular element provides a fourth order interpolation for
displacements using 12 Gaussian integration points, called stress points in
PLAXIS, for numerical integration. Gauss points are the positions of inte-
gration points determined by the Gauss-Legrendre integration (Ottosen and
Petersson, 1992). The 6-node triangular element provides a second order
interpolation for displacements using three Gauss points for numerical inte-
gration. The 6-node triangular element generally overpredicts failure loads
and safety factors and should be used with care in axisymmetric models.
In the analyses of present project, an axisymmetric model is used to model
the axisymmetric pile, and, thus, it is chosen to built the model by 15-node
elements. (Brinkgreve et al., 2008b)

Structural model behaviour and soil—structure interaction are modelled by
plate, geogrid and interface elements. Displacements (u, and u,) are calcu-
lated at the nodes, whereas stresses and strains are calculated at individual
Gauss points. An element contains “number of nodes”—3 stress points.
(Brinkgreve et al., 2008c)
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G.2 Important when Modelling in PLAXIS

It is important to chose a horizontal extent of the model which enables a
possible failure mechanism and ensures that the outer boundary has no ef-
fect on the results (Brinkgreve et al., 2008c).

Ko for normally consolidated clays is based on Jaky’s formula defined in
Equation G.1 (Brinkgreve et al., 2008c).

KO,NC =1- sin(p (Gl)

When entering a new value of ¢, Ky is not automatically changed and
should be done manually.

When deactivating a soil cluster, e.g. in connection with an excavation
stage, the pore pressures are not automatically deactivated, thus, the water
remains in the excavation area leading to a submerged excavation (Brinkgreve
et al., 2008¢).

In PLAXIS, tensile forces and stresses are defined positive in contrast to
common geotechnical practice (Brinkgreve et al., 2008b).

G.3 Initial Stresses

Initial stresses, where the geometry contains a horizontal soil surface, layer-
ing or phreatic level, are generated by the Ky-procedure, which only consid-
ers soil weight and not external loads or weight of structural elements, and
only calculates effective stresses and pore pressures in soil elements and in-
terfaces. If the plot of plastic points from the Stresses menu includes many
red plastic points (Coulomb points), this indicates a violation of Coulomb’s
criterion by the initial stress state, and the Ky-value should be chosen closer
to 1.0. (Brinkgreve et al., 2008b)

When the soil surface, the layering or the phreatic level is non-horizontal,
the initial stress field is calculated by the method Gravity loading. By this
method, the initial stresses are calculated plastic by increase of the multi-
plier for the soil weight from 0.0 to 1.0. (Brinkgreve et al., 2008c)
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G.4 Applied Material Models

Instead of using Hooke’s law involving only the two parameters Young’s
modulus £ and Poisson’s ratio v to model soil behaviour, which is too sim-
ple for this purpose, more advanced material models can be applied. The
models used in present analyses are described in the proceeding sections.
Following models for the soil behaviour have not been applied in the anal-
yses:

¢ Mohr-Coulomb model

Is not applied because it does not include the increase of stiffness dur-
ing unloading and reloading in compare to primary loading. Since the
present analyses concern an unloading situation, the Mohr-Coulomb
model would not lead to satisfactory results because of the incorrect
soil stiffness. Additionally, the Mohr-Coulomb model does not ac-
count for the stress dependency of Young’s moduli of elasticity, which
is a property of real soils.

* Joint Rock model
Is mainly used for modelling of rock layers involving a stratification
and predefined failure lines, which are not present in these analyses.
Hence, the model is not used in the analyses of plastic unfissured
clays. (Brinkgreve et al., 2008a)

 Soft Soil Creep model
Is not applied because it does not model unloading satisfactory. (Brinkgreve
et al., 2008a)

* Soft Soil model
The same argument as for the Soft Soil Creep model. (Brinkgreve
et al., 2008a)

* Hardening Soil model with small-strain stiffness
The Hardening Soil model is applied rather than the advanced Hard-
ening Soil model with small-strain stiffness for simplicity.

* Modified Cam Clay model

Is mainly used for almost normally consolidated clays, which is not
the case for the analysed soil type. (Brinkgreve et al., 2008a)
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G.4.1 Hardening Soil Model

For modelling of the soil, the Hardening Soil model (HS) is applied. The
HS is an advanced version of the Mohr-Coulomb model where three dif-
ferent stiffnesses replace the average Young’s modulus of elasticity E. The
stiffnesses are: the secant stiffness determined by drained triaxial test Es,
the unloading-reloading stiffness E,, and the tangent stiffness determined
for primarily oedometer loading E,,.;, also known as the constrained modu-
lus. If no information about E,, and E,,, is available, approximate average
values for different soil types may be used, cf. Equation G.2. (Brinkgreve
et al., 2008a)

Ey ~3-Eso Epea = Esp (G.2)

Additionally, the stiffness moduli used in the Hardening Soil model are
stress-dependent, i.e. the stiffness is increasing with depth. (Brinkgreve
et al., 2008a)

The Hardening Soil model includes hardening, the theory of plasticity, soil
dilatancy and a cap yield surface controlled by the constrained modulus
E,cq. Two types of hardening are applied in the model: shear hardening,
which models the irreversible strains due to primary loading, and com-
pression hardening, which models the irreversible strains due to primary
compression in constrained loading and isotropic loading. The compres-
sion hardening is controlled by the cap yield surface, which is introduced to
limit the elastic region so that plastic behaviour is registered during isotropic
compression. The shear yield surface along with the yield cap can be seen
in Figure G.1.

-0,

-0
_0:
Figure G.1: The shear yield surface and cap yield surface of the Hardening Soil model

in principle stress space (Brinkgreve et al., 2008a, Fig. 5.9). Note that compressive
stresses are negative in PLAXIS.
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An advantage of the Hardening Soil model is that the stress—strain relation-
ship is, more realistically, hyperbolic instead of bilinear, which applies for
the linear elastic—perfectly plastic Mohr-Coulomb model in compare. In
addition, the hardening of the soil is included by stress level dependent ma-
terial parameters, which implies that plastic strains during primary loading
are accounted for along with the elastic strains developed in both primary
loading and unloading/reloading.

In the Hardening Soil model, a limit of dilatancy, i.e. the maximum poros-
ity, after extensive shearing can be applied by the dilatancy cut-off. The
limit is based on the initial void ratio e;;;;.

(Brinkgreve et al., 2008a)

Limitations of the Model

The known and observed limitations of the Hardening Soil model are listed
in the following.

* The model does not account for softening due to soil dilatancy.

* The model only models isotropic hardening, hence, neither hysteretic
and cyclic loading nor cyclic mobility is considered.

* It is necessary that the user chose stiffness parameters in accordance
with the dominant strain levels.

(Brinkgreve et al., 2008a, p. 1-4)

G.4.2 Linear Elastic Material Model

The linear elastic material model is used to model the pile material as con-
crete. The model makes use of Hooke’s law of isotropic linear elasticity
where only Young’s modulus of elasticity £ and Poisson’s ratio v are ap-
plied parameters.
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G.5 Interfaces

A strength reduction factor R;., is used to relate the strength of the soil to
the strength in the interfaces according to Equations G.3 and G.4.
(Brinkgreve et al., 2008c)

tan Qinterface = Ringertan Psoil (GS)
Cinterface — RinterCsoil (G4)

The stiffness matrix for the interface elements is determined by Newton
Cotes integration where the numerical integration points are chosen in ad-
vance (Ottosen and Petersson, 1992; Brinkgreve et al., 2008b). If no de-
tailed information about the magnitude of R;,., is available, the parameter
is estimated as Rjyer = 2/3 (Brinkgreve et al., 2008b).

(Brinkgreve et al., 2008a)
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NUMERICAL MODELLING IN
PLAXIS

In this appendix, the numerical modelling of the interaction between a cir-
cular pile and a swelling soil in PLAXIS is considered where the results
of different models are outlined. Both models excluding and including the
pile are constructed. Swelling is a soil characteristic which is complex to
include in numerical modelling. For simplicity, the swelling behaviour is
modelled as unloading by an excavation where the interaction on the pile
due to soil heave illustrates the pile-soil interaction due to swelling.

H.1 Case Study

For the investigations, a case study is analysed. This involves a circular
concrete pile with the dimensions L =20 m and D = 0.34 m placed in clay
immediately after a 10 m excavation. The outer width of the soil mass,
which equals the diameter of the model, is chosen as B = 20 m. This com-
plies with the recommendation by Abbas et al. (2008) of B = 40D ~ 14 m.
The height of the model is chosen as the height of the excavation added
to the height of the swelling zone n = 11 m. The model can be seen in
Figure H.1.
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Figure H.1: Dimensions of the soil model and pile for the analysed case study. The
diameter of the pile is D =0.34 m.

H.1.1 Material Parameters of the Clay

The clay is modelled as an undrained Hardening Soil material. The un-
drained behaviour is applied so that the development of excess pore pres-
sures, or in the case of unloading, negative pore pressures, as a function of
time can be observed.

Little Belt clay is a tertiary clay with a high content of the clay mineral
smectite, which is very expansive in combination with water, thus, a swelling
soil. A combination of values is used in the preliminary studies of swelling
in PLAXIS. This includes the sample called “Felt” with a natural water
content of w = 33.3 % and the plasticity index Ip = 183.8 % defined in
Thggersen (2001) and the example of effective and undrained strength pa-
rameters of Little Belt clay given in Harremoés et al. (1997).

Unit Weight

The saturated unit weight of the clay is determined in connection with a
consolidation test to i, = 18.49 kN/m? (Thggersen, 2001). The unsatu-
rated unit weight is estimated to ¥;50r = 16.49 KkN/m?3.
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Coefficient of Permeability

The coefficient of permeability k is chosen as 10~'! m/s. Based on Kul-
hawy and Mayne (1990), this value seems plausible. The soil is assumed to
be homogeneous in both horizontal and vertical direction by which the hor-
izontal and vertical coefficients of permeability can be set equal. In nature,
however, this assumption is probably not valid. In intact clay, the mineral-
ogy and particle orientation leads to differences in the size of the horizontal
and vertical coefficients of permeability. If the clay is fissured as for the
considered Little Belt Clay, the flow of the pore water is significantly in-
creased through the fissures leading to unequal coefficients of permeability.
During swelling, the fissures expand which implies even more flow of the
pore water. (Barnes, 2000)

Poisson’s Ratio

Poisson’s ratio is chosen as v = 0.3.

Cohesion

Both the effective cohesion ¢’ and the undrained shear strength ¢, are ap-
plied as reference values of cohesion ¢, s for the case study of swelling in
PLAXIS together with the effective angle of internal friction ¢’ and ¢, = 0,
respectively. This is chosen because both the drained and undrained param-
eters give rise to problems when implemented in undrained materials.

In PLAXIS, the undrained behaviour is analysed by the effective stresses.
This implies that the undrained strength parameters are interpreted as drained
strength parameters instead. Simultaneously, the effective stresses during
loading decrease leading to larger excess pore pressures than in nature.

When using the effective strength parameters combined with the undrained
soil behaviour, the mean effective stress p’ is constant up to failure. In na-
ture, the development of p’ is somewhat different. During loading, normally
consolidated clay tends to compress. However, since the soil behaviour is
undrained, the volume is constant leading to increasing excess pore pres-
sures. Hence, the mean effective stress is decreasing and not constant as
in PLAXIS. Preconsolidated clay tends to both compress and dilate during
loading. The dilatation, i.e. the increase in volume, cannot take place for
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undrained behaviour leading to negative excess pore pressures. This im-
plies an increase of p’. Hence, the deviatoric stress ¢’ is overestimated by
PLAXIS as seen in Figure H.2 leading to an overestimation of ¢, = 0.5 -¢'.
(Brinkgreve et al., 2008a)

aa

Critical state line

\\
NC-clay \\\

Figure H.2: Effective stress paths for normally consolidated clay (NC-clay), over con-
solidated clay (OC-clay) and for an undrained Hardening Soil material with drained
strength parameters defined in PLaxis (Plaxis).

The advantage of applying effective strength parameters to undrained be-
haviour instead of undrained is that the increase in shear stresses during
consolidation are automatically obtained (Brinkgreve et al., 2008a).

An effective cohesion of ¢’ = 40 kPa and the undrained shear strength cho-
sen as ¢, = 225 kPa are applied, cf. Harremogs et al. (1997) for Little Belt
Clay.

Angle of Internal Friction

The effective angle of internal friction is estimated as @’ =16° for Little
Belt Clay, cf. Harremogs et al. (1997). For undrained strength parameters,
the angle of friction is set to zero.

Young’s Modulus of Elasticity

For the Mohr-Coulomb material model, the constrained modulus E,,.; is
used as the reference value of Young’s modulus of elasticity E,.r. The
constrained modulus is estimated to E,,; = 10 MPa.
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Angle of Dilatancy

The angle of dilatancy is chosen as y = 0 as for most clays (Brinkgreve
et al., 2008b).

H.1.2 Interfaces Applied to the Pile

The applied interfaces are elongated 1 m under the pile toe, in continuation
of the toe but still following the surface of the pile toe and in continuation
of the horizontal side of the pile head, cf. Figure H.3.

=—==== ===

___________

Figure H.3: The applied type of interfaces at a. the pile toe and b. pile head.

A virtual thickness is applied to the interface elements by multiplying a vir-
tual thickness factor of 0.1 to the average element size. The virtual thick-
ness is a fictive dimension used for obtaining adequate stiffness of the in-
terface. The average element size is determined by the global coarseness
(Brinkgreve et al., 2008b).

The interface is assigned the properties of the surrounding soil cluster with
a strength reduction factor R;;. determined by the surface resistance of the
pile t,,4x. It is yet unknown whether a possible failure of soil—pile interface
due to swelling occurs as a drained or undrained failure. In the following,
it is assumed that the failure is undrained. Thus, the surface resistance t,,,x
of the pile is determined by Equation H.1 where the factor 1.5 is a factor
of correlation to determine the characteristic value of #,,,, by the Danish
National Annex to Eurocode 7 (European Committee for Standardisation,

2008).
rece  1-0.4-225 kP
o = — {56“ = = ¢ _ 60 kPa (H.1)
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The strength reduction factor R;,., is defined in Equation H.2.

tmax 60 kPa

= =0.267 H.2
Cu 225 kPa (H2)

Rinter =

H.1.3 Material Parameters of the Concrete

The concrete is modelled as a non-porous linear elastic material with fol-
lowing material parameters.

Unit Weight

The unsaturated unit weight of the concrete is estimated as Vs = 24.0 kN/m?3.

Poisson’s Ratio

Poisson’s ratio is chosen as v = 0.15 for concrete, cf. Brinkgreve et al.
(2008b).

Young’s Modulus of Elasticity

The reference value of Young’s modulus of elasticity E,.r is chosen as
E; =34.8-10° kPa.

H.1.4 Summation of Material Parameters

The properties of the applied materials are listed in Table H.1.
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Table H.1: Material properties of the applied materials.

Parameter Name Clay Concrete
Material model Model Mohr-Coulomb  Mohr Coulomb
Material behaviour Type Undrained Non-porous
Saturated unit weight Ysat 18.49 kN/m? -

Unsaturated unit weight — Ysar 16.49 kN/m? 24 kN/m?3
Horizontal coefficient of  k, 10~ m/s -
permeability

Vertical coefficient of ky 107" m/s -
permeability

Poisson’s ratio v 0.3 0.15
Cohesion Cref (c'lc,) 40kPa/225kPa -

Constrained modulus Eped 10-103 kPa 34.8-10° kPa
Secant modulus Eso 10-103 kPa 34.8-10° kPa
Un-/reloading modulus ~ E,, 30-103 kPa 34.8-10° kPa
Angle of internal o', 16°/0° -

friction

Angle of dilatancy v 0° -

Interface strength Rinter 0.267 -
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