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Abstract

Several rivers are flowing through the Netherlands and dikes next to these rivers prevent from flooding. To
get insight into the flood risk of these dikes, every 12 years a safety assessment (based on soil tests and
modelling) is done on the condition of the dikes. One of the tested failure mechanisms is the slope stability in
case of a high water event.

This study investigates the influence of the soil suction on the shear strength of soil and therefore the slope
stability of the dike is researched. The main question of this report is: What is the influence of the soil suction
on the slope stability of a clay dike and how can it be modeled?

To answer this question a literature study is done, a sensitivity analysis is performed in Plaxis for the influence
of the phreatic surface and the influence of the different Soil Water Retention Curves (SWRCs) from the
Staring Serie. Furthermore field measurement are analyzed and the model is fitted to the field data.

From the literature study it is known the soil suction increases the effective stress, which increases the shear
strength and subsequently the slope stability. The soil suction of a soil can be determined with the SWRC. The
SWRC gives a relationship between the Volumetric Water Content (VWC) and the soil suction, or the degree
of saturation and the soil suction (Fredlund, Rahardjo, & Fredlund, 2012). The shear strength is only affected
by the effective suction of the soil suction. To calculate the effective suction, the soil suction should be
multiplied with the degree of saturation (Plaxis, 2019).

Field measurements in the Maasdijk in Oijen and the IJsseldijk in Westervoort show the presence of soil
suction in the dike body during the entire winter. However, the top layer of the dike reaching down to a depth
of approximately 1.5 meters below surface is influenced by the weather, since no suction stresses were one
meter below the surface, but soil suction stresses were measured continuously 1.7 m below surface in winter.

The shear strengths of soils during the winter season were determined with the Cone Penetration Test (CPT)
en Field Vane Tests (FVT). The comparison of the measured soil suction stresses and shear strengths in winter
show that the shear strength and the measured suction stress are following the same trends during the season.
However, the measured shear strengths were higher than expected, which cannot only be explained with the
amount of measured suction.

The SWRCs of the soils in the dike body in Oijen and in the inner toe and inner berm in Westervoort were
determined with the measured VWCs and soil suction stresses. This SWRCs were compared to the SWRCs
from the Staring Serie (W0sten, Veerman, de groot, & Stolte, 2001). The sensitivity analysis in Plaxis, shows
that the influence of SWRC from different soils from the Staring Serie on the Factor of Safety (FoS) is minimal,
as long as the chosen SWRC is from a fine grained soil. However not all SWRCs obtained from the measured
field data can be compared to the SWRC from fine grained soils from the Staring Serie. A couple of the
SWRCs obtained from the field data, looked more like SWRC from the sandy soils from the Staring Serie.

To conclude this study a model is fitted to the field data and extrapolated to the water level in normative
(WBN) situation. This extrapolation increases the FoS from 1.54 to 1.94 with the extra strength of the dike
body and from 1.54 to 2.12 with consideration of the extra strength of the hinterland.

The implementation of soil suction in models, can contribute to the assessments of dikes in the Netherlands,
as it has a positive effect on the FoS and the slope stability. However, no suction stresses will be present in the
top of the dike during a WBN-event as the top 1.5 m of a dike is influenced by the weather. Therefore the
recommendation to the water boards is made to take the suction only into account in the zone between the
phreatic surface in a dike body and 1.5 meter below the top of the dike body. This probably only applies to a
dike body in a storm dominated area or relative high dike, since most of the time the phreatic surface is
approximately 1.5 meter below the top of the dike.
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Mohr-Coulomb model
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1 Introduction

1.1 Subject

Several rivers are flowing through the Netherlands. To prevent against flooding, there are dikes besides these
rivers. To get insight into the flood risk of these dikes, every 12 years a safety-assessment is done for the
condition of the dikes. If it turns out the condition of a dike is not sufficient, the dike has to be reinforced. One
of the tested failure mechanisms of the dike is the slope stability.

In 2017 the ministry of Infrastructure and Environment published the Schematization manual slope stability
(Ministerie van Infrastructuur en Milieu, 2017). In this manual, it is described how the assessment of the slope
stability of a dike should be done, including the usage of lab-test and software.

At the moment the initially unsaturated zone of the dike is considered as fully saturated in the assessment and
the influence of the daily unsaturated zone is not known. By taking into account this zone, the assessment of
the dike can give a different outcome.

1.2 Problem description

The Waterboard Drents Overijssel Delta has a dike reinforcement project on the dikes of the 1Jssel between
Zwolle-Olst. The dikes in this region consists in some parts of clay, with a small (0 — 2 m) layer with peat or
clay underneath the dike. The dike body itself is three to five meter in height and the steepness of the slope is
1:2 until 1:3. Below the clay or peat layer there is a saturated sand layer (aquifer). In Figure 1-1 the expected
shear zone of the dike with the current calculation methods is given. When high water levels occur at the river
IJssel the hydraulic head of the sand layer is high. Due to this hydraulic head, the effective stress in the clay/
peat layer from the inner toe to the ditch is close to zero (ov’ = 0 kPa), therefore the shear strength of the layer
is also close to zero (z = 0 kPa). In this case most of the resistance of the shear zone, comes from inside or
below the dike body.

The “Waterstand bij Norm” (WBN) is the water level in the normative situation, which is the acceptable flood
risk. For every part of the dike there is a normative situation. This acceptable flood risk is determined by the
government and defined as a yearly probability of flooding. For example a normative situation of 1/3000,
means a situation which have a chance to happen of 1/3000th (P=0.0003) a year. The water level in this situation
is called the WBN.

WBN /

Hydraulic head sand layer
Clay T

Initially water level

Clay or peat //

sand

Figure 1-1: Schematized cross section of the situation of the dikes near the IJssel, with the expected shear zone.

During a WBN event, the phreatic surface in the dike and the hydraulic head in the sand layer will change.
Both will rise (Figure 1-1), but the how the phreatic surface rises in time and when steady state is reached is
not known. Currently the phreatic surface is calculated with the “Technisch Rapport Waterspanningen bij
Dijken” (TRWD). This method calculates the phreatic surface in a steady-state or transient situation, for the
WABN situation, as described in TAW (2004).
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It is assumed all layers below the phreatic surface are saturated. In Figure 1-2 a more detailed, steady state,
situation is drawn. In the dike body are four zones defined. Zone 4 is always below the phreatic surface, zone
3 is above the usual phreatic surface, but below the phreatic surface during high water events. Zone 2 is above
the phreatic surface during high water and zone 1 is the top layer of the dike.

In Zwanenburg (2017), it is described how the strength in zone 3 should be determined. Zone 3 is in daily
circumstance above the phreatic level, but in WBN circumstance below the phreatic level. The assumption is
made, all layers below the phreatic level are saturated.

Above the phreatic level (zone 2), there some different hydraulic zones (Figure 1-2). First above the phreatic
level there is the capillary zone. This zone is fully saturated, with a negative pore water pressure. In the
funicular zone, the soil is partly saturated. The capillary rise is still there in the smaller pores, but in the bigger
pores there is air. In the pendular zone the degree of saturation is mainly dependent on the infiltration
(rainwater). If there is negative pore water pressure in the soil, the shear strength of the soil increases
(Zwanenburg, 2017).

WBN

Zone 3

initial water level / Zone 4

Figure 1-2: Schematized cross section of the hydraulic zones in the dike body

In case of WBN situation, the following assumption is made:

Zone 3 is initially unsaturated with capillary tensions, but changes to a zone which is saturated without
capillary tensions and therefore without the higher shear strength. It is unsure if this assumption is always
realistic.

Zone 2 is initially unsaturated with capillary tensions, but the water table will rise until the bottom of zone 2.
Even in a WBN situation zone 2 will be above the water table and will stay a unsaturated zone, with capillary
tensions.

The dike bodies near the IJssel have a quite big zone (zone 3, Figure 1-2) which is assumed to change from
unsaturated with capillary tensions to saturated without capillary tensions in case of WBN situation. It is not
known how big zone 3 is in reality and in what time scheme the phreatic surface rises in case of a WBN event.
It is unsure how the capillary suction stresses in zone 2 and 3 influences the slope stability of a dike. Since
zone 2 and 3 are quite a big part of the shear zone, the capillary tensions can have a big influence on the slope
stability of the dike.
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1.3 Test Locations

Deltares is performing a research about the influence of the capillary tensions on the undrained shear strength
in primary dikes in the Netherlands (van Duinen, van Hoven, Visschedijk, & Wichman, 2018). At two
locations, devices are installed at different depths, which measure the volumetric water content (VWC), soil
suction and pore water pressure. To measure the shear strength Cone Penetration Tests (CPT) class 1 and Field

Vane Tests (FVT) are performed.

22 B

Figure 1-3: The test location in Westervoort in the 1Jsseldijk (Red) and in Oijen in
the Maasdijk (Purple) (Rivieren Nederland, 2020)

The two locations are located in Westervoort (1Jsseldijk) and near Oijen (Maasdijk) (Figure 1-3). The
IJsseldijk is an “old” (the exact construction time of the dike is not known) dike which consists of a clay dike
body and a Holocene clay cover of about 4 meters. The water content reflectometers, tensiometers for the
soil suction and piezometers are installed in the outer toe, inner toe and the inner berm (Table 1-1). The
CPTs and FVTs to measure the shear strength are performed in the inner berm (Figure 1-4).
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Table 1-1: The depth of the tensiometers and water content reflectometers in the IJsseldijk in Westervoort.

profile of the dike body

B Tensiometers

B  Water Content Reflectrometers

Sensor location | Depth [m below surface] | Depth [m+NAP]
Outer toe 1.00 9.60
Outer toe 1.50 9.12
Outer toe 2.00 8.60
Outer toe 3.00 7.60
Inner toe 1.00 10.21
Inner toe 1.50 9.67
Inner toe 2.00 9.19
Inner toe 2.40 8.81
Inner berm 1.00 9.35
Inner berm 1.50 8.86
Inner berm 2.00 8.37
Inner berm 2.55 7.88
lJsseldijk Westervoort
15 .
13
Dike Body
& n
I T2 : .
m ]
g 5 b 2
= Holocene Cover m =
8 P | a .
[ = [ |
. a
5 n ™ un
[ ] sand
|
3
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

horizontal distance [m]

Piezometers

Figure 1-4: Location of the tensiometers, Water content reflectometers and piezometers in the IJsseldijk in Westervoort

The Maasdijk is a relatively new dike near Oijen. The dike consists of clay on top of a holocene clay cover
which varies in thickness from 4 until 1 meter. The water content reflectrometers and tensiometers are installed
in the crest (Table 1-2) and the CPTs and FVTs are also performed in the crest of the dike (Figure 1-5). The
data of the above measurements will be used in this thesis to research the effect of the soil suction of the shear
strength of a clay dike.

Table 1-2: Locations of the tensiometers and water content reflectometers in the Maasdijk near Oijen.

Sensor location | Depth [m below surface] | Depth [M+NAP]
Dike Body 1.00 8.30
Dike Body 1.70 7.58
Dike Body 2.40 6.95
Dike Body 3.10 6.19
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Maasdijk Oijen

11
10
9
z
E 8
£ Dike Body profile of the dike
c 7 body
.':_E B tensiometers
i)-’ 6
@

B water content

5 W reflectrometers

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Horizontal Distance [m]

Figure 1-5: Location of the tensiometers, Water content reflectometers and piezometers in the Maasdijk near Oijen
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1.4 Main- and sub questions
In the study for this thesis report an answer is sought for the following main question:

What is the influence of the soil suction on the slope stability of the dike and how can it be modelled?

Different steps were taken to answer this main question, which follow from six sub questions:

1.

N

What is the most progressive and conservative hydraulic state of the dike in the initial state (before the
start of the WBN event) and during the WBN event in steady state?

What is the effect of the soil suction on the shear strength of clay and the slope stability of the dike?
What is the maximum influence of the soil suction in the dike body on the factor of safety in case of a
clay dike in the most positive and negative case?

Is it worthwhile to perform a time dependent analysis of the initial situation, the development of the
phreatic surface and the influence on the factor of safety of slope stability of the dike?

How can the stability modelling of the unsaturated zone be improved by using the field data obtained
by Westervoort and Oijen?

Should the WBI be improved according to the results of this research?
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1.5 Reading Guide
The thesis outline is structured as follows:

Chapter 1, Introduction: The study background is presented, with the main- and subquestions for which an
answers given in this report.

Chapter 2, Literature review: First the current practice in the assessment of dikes is described, followed with
information about the Soil Water Retention Curve (SWRC), which describes the relation between soil
suction stresses and VWC in a soil. Next the hydraulic states for the test location are given, afterwards the
theoretical influence of soil suction on the shear strength of a dike is described. The last paragraph in the
literature review gives information about the soil models used during this research.

Chapter 3, Model Configuration and Parameter Determination: In this chapter is described how the
parameters are derived and what the structure of the used Plaxis model is.

Chapter 4, Results: The results of respectively the sensitivity analysis, field measurements and model fit are
given and described in this chapter.

Chapter 5, Interpretation: The interpretation of the results in Chapter 4.

Chapter 6, Conclusion and Recommendations: This chapter give answers on the sub- and main questions and
is concluded with a recommendation for the water boards and for further research.
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2 Literature review

In this chapter an overview is given about the information known from the literature. First the current
practice in the assessment of dikes will be addressed. Next the Soil-Water Characterstics Curve (SWCC),
hydraulic state of the dikes and soil suction are addressed and last some information about the soil models

used in this thesis are given.

2.1 Current practice

In the schematization manual slope stability (Ministerie van Infrastructuur en Milieu, 2019) is described how
the safety assessment for the slope stability of primary dikes have to be performed. The schematization manual
slope stability is part of the “Wettelijk Beoordelings Instrumentarium” (WBI) 2017. The WBI is a collection
of legislations and guides to perform a safety assessment of flood defenses. An overview of the documents in

the WBI is given in Figure 2-1.

WEel

Ministerial regulation

+ explanation ministerial regulaticn

Appendix|

Procedure safety
assessment primary
flood defences

Appendix|l
Regulations for
determining hydraulic
loads primary flood
defences

AppendixIil
Regulations for
determining strength
and safety of primary
flood defences

“comply or explain”

manuals

Schematization

Technical guidelines

WBI-software
(including manual)
Ringtoets
Stand-alone models

Explanations and principles

Examples

Detailed examples

Basicreports
QOverview and starting
peints

Other software

Background
documents
Scientific basis

Course material

Figure 2-1: The structure of the WBI and the related documents

The safety assessment consists of four activities: data acquisition, schematization, calculating and

interpretation (Figure 2-2). The whole process is in most cases an iterative process.

data acquisition

data

Schematization

Model input

Calculations

results

Interpretation g4

Figure 2-2: The activities and order of the four activities in the safety assessment of dikes.
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In the calculations the soil is assumed to be fully saturated below the phreatic level in a WBN event and
unsaturated above the phreatic level in a WBN event. The calculations below the phreatic level are performed
undrained and above the phreatic level it is dependent on the soil type and Over Consolidation Cation (OCR).
In case of soil with a low permeability and an OCR<3, the calculations are performed undrained, if this is not
the case the calculations are performed drained.

Arcadis did a study about the change in slope stability analyses when calculating drained or undrained in D-
stability. Based on default parameters there is no significant difference in the shear safety. The results based
on the parameters used by the water boards were more favorable than the results with the default parameters.
In the calculation with Nk = 20 kPa, the results increased until 30% compared with the results from the default
parameters. This results seemed too positive, therefore the calculations were repeated with Nx: = 60 kPa and
Nkt = 120 kPa. The results with the corrected Nks seemed too conservative. (Arends, 2018)

The height of the phreatic level is deterimended according the TAW (2004). In most cases this is done with a
steady state analysis of the phreatic surface.
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2.2 Soil-Water Characteristics Curves

The Soil-Water Characteristics Curves (SWCC) uses elementary capillary theory to explain the water retention
and water transmissivity for partially saturated soil. The unsaterated soil characterstics can be determined from
the SWCC or the Soil Water Retention Curve (SWRC). The SWCC gives the relation between the soil suction
(¥) and the VWC (6) or the gravimetric water content (w). The SWRC gives the relation between the soil

suction (%) and the degree of saturation (Sy).

In equations ( 2-1 ) until ( 2-5) the formulation of the different designations for the amount of soil water are
given. In Table 2-1 the advantages and disadvantages of the various designations for amount of soil water are

given.
W e Osat
TV, +V, 1+e
6—-6
Sr _ res
Hsat - eres
S — Sr - Sres
err Ssat - Sres
w = Ms
With:

S, = degree of saturation [-]

6 = volumetric water content [m3/m?3]
w = gravimetric water content [kg/kg]
V,, = Volume of water [m°]

¥, = Volume of voids [m?]

V; = Volume of solids [m°]

ey = I;—‘” water ratio [-]
e = - void ratio [-]
N
0sqr = Saturated volumetric water content [-]
G, = 5—5 = Specific gravity of solids [-]

M, = Mass of water [kg]
M = Mass of soil solids [kg]
Serr = effective saturation [-]

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

0, = residual water content (the water content left in the soil after 1500 kPa suction (van Genuchten, 1980))

[m3/m?3]
Ssat = saturated degree of saturation [-]
S,es = residual degree of saturation [-]
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Table 2-1: Advantages and disadvantages of various designations for amount of water in soil (Fredlund, Rahardjo, & Fredlund,

2012)

Designation Advantages Disadvantages

Gravimetric Consistent with usage in classic soil | Does not allow differentation between
water content | mechanics change in volume and change in degree of

(w)

Most common means of measurement
Does not require a volume measurement
Reference value is a “mass of soil” which
remain constant

saturation
Does not yield the correct air-entry value
when the soil changes volume upon drying

Volumetric
water content

()

Is the basic form that emerges in the
derivation of transient seepage and fluid
storage in unsaturated soils

Commonly used in databases of results
obtained in soil science and agronomy

Requires a volume measurement

Rigorous Definition requires a volume
measurement at each soil suction

Is the designation least familiar and least
used historically ~ in  geotechnical
engineering

Degree of
saturation (Sy)

Most clearly defines the air-entry value
Appears to be the variable most closely
controlling unsaturated soil  property
functions

Requires a volume measurement

Although volume measurementes are
required, the degree of saturation variable
does not quantify overall volume change

In the current practice it is assumed the soil above the phreatic level contains no water. In reality this is not the
case. In the zone above the phreatic level, soil suction stresses occurs. Therefore all the pores in the soil above
the phreatic level are filled with water, the capillary fringe. Above the capillary fringe the degree of saturation
degreases with height. The dimensions of these zones are dependent of the soil. In coarse sand the capillary
height is approximately 0.02 — 0.05 m and in clay it is approximately 2 - 4 m (TAW, 2001). Figure 2-3 gives
an graphical representation of the zones above the groundwater table. The height of the capillary fringe is
determined by the Air-Entry head.

Ground Surface
— TS ¥
\
! . Capillary Fingers
! o
l & ,-" \4
¢ 7% ' :
f { ¢ } { <
Y =) ! {
¢ ’ > % ] . o
b2 %

H-Maximum Capillary Rise, fi;

- Air-Entry Head, h,

|
|
|
| los

Volumetric
Water Content, 8

Figure 2-3: The pores in the soil above the phreatic surface are first filled with water (capillary fringe), after which only the small
pores are filled with water (capillary fingers). The right side shows the soil water retention curve for this case. (Lu & Likos, 2004)
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In Figure 2-4 two SWRCs are given. The SWRC is divided in three different zones. The saturated zone
corresponds with the capillary fringe and the transition zone is where the water content decreases with

increasing height. In the residual zone the soil has reached his most compacted state and the micropores in the
soils starts to dehydrate.

In the left figure of Figure 2-4, only the initial drying curve of the soil is given. The soil only follows this curve
if aggregates have not formed yet. If aggregates have formed, the initial loose state is collapsed and an
irriversible decrease of water content and soil volume has occurred. Therefore, if a soil has left the primary
drying curve, it can never reach his original VWC again. In that case the soil behaves like the scanning curves.
The primary wetting curve is the lower boundary of the possible states of the SWRC.
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Figure 2-4: Left: SWRC with the different zones. (Sun, Zhou, Gao, & Shen, 2015) Right: SWRC with boundary curves and
scanning curves. (Toll, etal., 2015)

A common way to describe the SWRC of soils is with the van Genuchten equation (equation ( 2-6 )) (van
Genuchten, 1980). With equation ( 2-7 ) the hydraulic conductivity of a soil can be calculated.

o _ 0= Ores _ 1
" esat - eres (1 + (ah)n)m
(2-6)
1 2
K, ((1 + ah™) n —ah ”‘1>
K(h) = T
(1 + ahm)(177) 2

(2-7)

With:

6 = volumetric water content [cm®/cm?®]
0,5 = residual water content [cm®/cm?®]
04 = Saturated water content [cm®/cm?]
a = fitting parameter [1/cm]

n = fitting parameter

| = fitting parameter

m=1 —%

K = hydraulic conductivity [cm/d]

Ks = saturated hydraulic conductivity [cm/d]
Sr = degree of saturation
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2.2.1 Staring data series

In 1987 the Staring Serie was published (Wdsten, Veerman, de groot, & Stolte, 2001). The Staring Serie
divides the Dutch soils, from a soil map 1:50 000, in 18 topsoils and 18 subsoils. In 1994 and 2001 the series
were improved, by adding new samples. The division between the soils is made according to the system of
soil classification in the Netherlands (de Bakker & Schelling, 1989). The classification is made to the texture
of the samples. In Table 2-2 and Table 2-3 the classification of the soils is given. The M50 value is the median

grain size of the sand fraction of the soil.

Table 2-2: Classification of grain size according to Bakker & Schelling (1989)

Grain size Classification

<2 um lutum fraction

2-50 um loam fraction

50-105 um Very fine sand fraction

105-150 ym | Fine sand fraction

150-210 um | Moderately fine sand fraction
210-420 um | Moderately coarse sand fraction
420-2000 um | Coarse sand fraction

2-64 mm Gravel fraction

> 64 mm Stone fraction

Table 2-3: Classification of the subsoil in the Staring Serie

Soil Soil name Loam [%] | Lutum [%] | Organic M50 [pum] Density
number fraction [%0] [g/cm?®]
01 Non-loamy sand | 0-10 - 0-3 105-210 1.4-1.8
02 Loamy sand 10-18 - 0-3 105-210 1.4-1.7
03 Very loamy sand | 18-33 - 0-3 105-210 1.4-1.8
04 Extremely loamy | 33-50 - 0-3 105-210 1.4-1.7
sand
05 Coarse sand - 0-3 210-2000 1.5-1.7
06 Boulder clay 0-50 - 0-3 50-2000 1.1-1.6
o7 River loam 33-50 - 0-3 50-150 1.0-1.7
08 Sandy loam - 8-12 0-3 - 1.4-1.6
09 Silt loam - 12-18 0-3 - 1.3-1.7
010 Clayey loam - 18-25 0-3 - 1.3-1.5
011 Light clay - 25-35 0-3 - 1.3-1.6
012 Heavy clay - 35-50 0-3 - 1.0-1.5
013 Very heavy clay | - 50-100 0-3 - 1.0-1.4
014 Loam 50-85 - 0-3 - 1.0-1.6
015 Heavy Loam 85-100 - 0-3 - 1.1-1.6
016 Oligotrophic peat | - - 35-100 - 0.1-0.7
017 Eutrophic peat - - 35-100 - 0.1-0.6
018 Peaty layer - - 15-35 - 0.8-1.4

If the soil classification is known, gives Table 2-4 the optimised parameters from the analytical equations used
to describe the average physical characteristics of the soil. From these characteristics SWRC and hydraulic

conductivity can be calculated with the van Genuchten equation (equation ( 2-6 ) and ( 2-7)).
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Table 2-4: Soil characteristics of the optimized parameters form the analytical equation in which the average physical soil
characteristics are described.

Soil Number ©: [cm?¥ cm?] Os [cm3/ cm?] Ks [cm/d] a[1/cm] I [-] n [-]

01 0.01 0.36 15.22 0.0224 0.000 2.286
02 0.02 0.38 12.68 0.0213 0.168 1.951
03 0.01 0.34 10.87 0.0170 0.000 1.717
04 0.01 0.35 9.86 0.0155 0.000 1.525
05 0.01 0.32 25.00 0.0521 0.000 2.374
06 0.01 0.33 33.92 0.0162 -1.330 1.311
o7 0.01 0.51 39.10 0.0123 -2.023 1.152
08 0.00 0.47 9.08 0.0136 -0.803 1.342
09 0.00 0.46 2.23 0.0094 -1.382 1.400
010 0.01 0.48 2.12 0.0097 -1.879 1.257
011 0.00 0.42 13.79 0.0191 -1.384 1.152
012 0.01 0.56 1.02 0.0095 -4.295 1.158
013 0.01 0.57 4.37 0.0194 -5.955 1.089
014 0.01 0.38 1.51 0.0030 -0.292 1.728
015 0.01 0.41 3.70 0.0071 0.912 1.298
016 0.00 0.89 1.07 0.0103 -1.411 1.376
017 0.01 0.86 2.93 0.0123 -1.592 1.276
018 0.01 0.57 34.45 0.0138 -1.204 1.323

There are also different empirical equations to determine the soil characterstics, based on the classification
parameters. In equation ( 2-8 ) until ( 2-13) equations are given to determine the soil characteristics of the clay
and loam parmeters (Wosten, Veerman, de groot, & Stolte, 2001).

0; = 0.6311 + 0.003383 - ¢ — 0.06366 - p? — 0.00204-p - C

R? =95%

K;=-426+871-0+619-p—20.79-p?—0.2107 - 0> — 0.01622-c-0—0.5382-p 0

R? =31%

a*=-19.13+0.812-0+23.4-p—8.16-p*+0.423- 071 +2.388-1n(0) —1.338-p -0

[*=0.102 +0.0222-¢c—-0.043-p-c

n* =—0.235+ 0.972 - p~1 — 0.7743 - In(c) — 0.3154 - In(0) + 0.0678 - p - 0

(2-12)

[l TS

g

ith:

6, = saturated water content
K= saturated hydraulic conductivity (transformed model parameter) = K; = In(K)
a”, [* and n*= form fitting parameters (transformed model parameters)

[*=1In (%) (only for clay and loam soils)

a* =In (a)

¢ = clay fraction (<2 um) [%]

n*=In(n—1)

0 = organic content [%]
p = density [g/cm?]

= 0.6117 + 0.003601 - ¢ + 0.002172 - 0% + 0.01715 - In (0)

R? =51%
R? = 44%
R? = 78%
R? =79%

(2-8)

(2-9)

(2-10)

(2-11)

(2-13)
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2.3 Hydraulic state

In a dike there are different hydraulic zones. For a primary dike in a daily situation, the water level in the river
Is approximately the same level as the phreatic level in the area behind the dike. The phreatic level in the dike
is slightly higher than the river level, but can be considered as a low level in the dike. The zone in the dike,
which is always below the water level, is zone 4.

In case of a high water event the water level in the river will increase. With this, the phreatic level in the dike
will increase. The area which is normally above the water level, will eventually become saturated and will lie
below the water level. This is zone 3.

The area above zone 3, zone 2, is always above the phreatic level. This zone can be (partly) saturated with
water due to capillary tensions. The top layer of the dike, the covering layer, is zone 1. A schematization of
the four zones within the dike is given in Figure 1-2.

The size of the different zones in the dike are dependent on the
— Normal water level in the river;
— Water level in case of WBN in the river;
— Geometry of the dike;
— Soil material of the dike;
— Water level behind the dike;
— Drainage present in the dike.

2.3.1 Phreatic surface in general

To determine the size of the different hydraulic zones, the height of the phreatic surface in the dike has to be
determined in the daily situation and in the WBN situation. In the current situations the water pressures in the
dike are calculated with the Waternet Creator (WC). The initial phreatic surface is calculated with the formula
of Dupuit (equation ( 2-14)).

N ¢; —¢7  NL
= 2 R — 2
h j Kx +< I +K X+ ¢

(2-14)

with:

h = height of the phreatic surface with reference to the ‘impermeable boundary’ [m]

N = precipitation [m/s]

K = permeability [m/s]

X = arbitrary point in the dike [m]

¢1,, = Boundary conditions at the sides of the dike, with reference to the ‘impermeable boundary’ [m]
L = width of the dike [m]

For rivers in the east of the Netherlands, the groundwater flow through the dikes is assumed to be in a steady
state. Since the clay dikes in the upper region are quite sandy, the permeability in the dike bodies is higher
than in the clay bodies in the lower river area.

To calculate the phreatic surface in case of a WBN situation there are two options. The TRWD (TAW, 2004)
gives a safe and conservative estimation of the phreatic surface in the dike body. The WC, the software to
determine the phreatic surface in the dike body from the WBI, gives a less conservative estimation. In Table
2-5 and Figure 2-5 the WC is explained.
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Figure 2-5: Phreatic surface in a clay dike body during a WBN event according to the Waternet Creator. (Meij, Bruijn, Blinde,
Schweckendiek, & Zwan, 2011)

Table 2-5: The characteristic points of the WC in case of clay dike, on a clay of peat layer during a WBN event.

Point

Clay-dike on clay, peat or sand layer

A

Horizontal and vertical:

Meeting point river level and outer slope of the dike

B

Horizontal:
1 meter to the right of point A.

Vertical:

River level minus the offset.

Default offset: 1 m

Minimum: initial water height point B

Horizontal:
Below inside crest

Vertical:

River level minus the offset.

Default offset: 1.5 m

Minimum: initial water height point C

Horizontal:
Below inner shoulder

Vertical:
Linear interpolation between C and E

Horizontal:
Below inside toe

Vertical:
Ground level at the toe of the dike

Horizontal and Vertical:

Meeting point polder and water level polder

The TRWD uses a different approach which is described below. In Figure 2-6 a schematic view of the
calculation of the phreatic surface in the dike body is shown. The schematization consists of four points (A,
B, Cand D).

Point C is the height of the phreatic surface at the:
in case of ditch, the phreatic surface of the water in the ditch
in case of no ditch, the phreatic surface at the location of the outside toe.
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Point D is the height of the phreatic surface at the:
- in case of ditch, the phreatic surface of the water in the ditch
- in case of no ditch, the phratic surface of the water at the location of the inner toe.

Point A is below the inner crest of the dike body. The height of point A is determined with equation ( 2-15),
with a maximum of 0.3 m below the crest of the dike. In case of the TRWD, the height of point A is not
dependent of the outer water level. This means the height of point A ina WBN event is equal to point A in the
daily initial level. This is a realistic case for the dikes in the western part of the Netherlands, but less realistic
for dikes in the eastern areas. Therefore, the TRWD is in this case only used to desbribe the phreatic surface
with a WBN event.

. L
Apeighe = Minimum(Creigns + ¥ °F Dheigne + })
(2-15)

With:

Aneigth = height of point A

Cheignt = height of point C

Dreight = height of point D

L = distance between point C and point D

d = thickness of clay or peat layer below the dike body [m]
X=12ifd=0.0m

X=10if0.0m<d<4.0m

X=8ifd>4.0m

The height of point B is equal to the height of point A. The horizontal location of point B is dependent on the
penetration depth, which is dependent on the outer water level. The penetration depth | can be determined with
equation ( 2-16).

(2-16)

With:

| = penetration depth [m]

k; = hydraulic conductivity of the dike body material [m/s]
Ho = Water depth relative to the low permeable layers [m]
t = duration of the high water [s]

n; = porosity of the dike body material [-]
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Figure 2-6: The phreatic level during a high water event according to the TRWD (TAW, 2004).

For the two test locations the WBN are quite different. The Maasdijk near Oijen has a WBN of 8.5 m +NAP,
the dike has a height of around 9.7 m +NAP and the ground level is around 5.5 m +NAP. This means that
approximately two meter below the top of the dike is above the phreatic level according to Table 2-5.

The 1Jsseldike near Westervoort has a WBN of 14.5 m +NAP, the dike height is around 14.5 m +NAP and the
ground level is around 10 m +NAP. This means approximately one meter below the top of the dike is above
the phreatic surface according to Table 2-5.

2.3.2 Hydraulic state Maasdijk Oijen

In Figure 2-7 the contour map of the area around the Maasdijk in Oijen is shown. The actual location of the
measurement devices is on a dike which has a quite wide crest. The width of the crest of the dike is due to the
construction of a ‘new’ dike around 1950. The old dike was following the road on the right side as can be seen
in Figure 2-7, whereas the new dike was constructed parallel to the river. The space in between is filled with
clay. Since the width of the dike around the measurement devices is not representative for the width of the
total dike, the modelling is done with a smaller part of the dike about 150 m North of the location of the
measurement devices.

During the winter the water level is mostly constant, except in case of heavy rainfalls in the Belgan Ardennes.
Figure 2-9, shows the water level of six high water events in the river during the winter periods. It can be seen
that this height is about 4.9 m+NAP in the neighbourhood of Lith. The measurepoint of this water heigth is
1.2 km downstreams from the test location. Another measurepoint of the water level is 3.5 km upstream. Over
here the average water level is also around the 4.9 m+NAP. Therefore an average river water level of 4.9
m+NAP is assumed for the measure location near Oijen. The water level at the inner side of the dike is
determined by the waterboard Aa en Maas. The water level in summer is 3.8 m+NAP and in winter it is 3.55
m+NAP. For the high water events a water level at the inner side of the dike of 5 m+NAP is assumed.

During a WBN event the water level is 8.5 m+NAP. In Figure 2-8 the expected phreatic surfaces according of
the different methods are given.
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— Top: 10 m+NAP

. Bottom: 4.5 m+NAP

Figure 2-7: Elevation map of the area around the Maasdijk near Oijen. Red arrow: location with the
measurement devices. Red line: location from the height profile which will be implemented in the model (AHN,
2019)

The high waters during the last 30 years had a duration of 3-19 days. A high water is defined as 500 cm+NAP
and higher. Further analyzing of the results is done and the results are shown in
Table 2-6 until Table 2-8. The highest peak did not happen during the longest high water event.

Profile of the dike body
Dupuit

TRWD

Waternet Creator

Maasdijk Oijen

11

10

elevation [m+NAP]

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Horizontal Distance [m]

Figure 2-8: Height profile and the expected phreatic surfaces in the dike body of the smaller part of the Maasdijk near
Oijen. The red points give the locations of the inside toe, inside crest, outside crest and outside toe.
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Figure 2-9: River level in the winter period near Oijen during the six high water events in the last 30 years.

Table 2-6: Information about the six high water events in the last 30 years in the Maas near Oijen.

Start date |End date |#Days Day peak Peak [cm]
8-1-1991 11-1-1991 |3 10-1-1991 | 537
23-12-1993 |11-1-1994 |19 26-12-1993 | 652
16-1-1995 |7-2-1995 |11 2-2-1995 680
24-2-2002 |5-3-2002 |9 3-3-2002 565
5-1-2003 9-1-2003 |4 7-1-2003 597
11-1-2011 |18-1-2011 |7 13-1-2011 569

Table 2-7: Statistical information about the duration of the high water events of the last 30 years near Oijen.

Average

St.dev.p

Min. (95%)

Max. (95%)

9

5

0

19

Table 2-8: Statistical information about the river level in cm of the high water events of the last 30 years near Oijen.

average

st.dev.p

min. (95%)

max. (95%0)

600

50

500

700
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2.3.3 Hydraulic state 1Jsseldijk near Westervoort

In Figure 2-10 the height profile of the 1Jsseldijk near Westervoort is shown and in Figure 2-11 the view from
above can be found. At both sides of the dike there is a ditch. At the outer side of the dike, there is a ditch with
a depth of 10 m+NAP and on the inner side there is ditch with a depth of 9.3 m +NAP.

The high water events in the 1Jssel can be caused by two reasons, the melting water from the Alps in Spring
and heavy rain in the Rhine basin, or a combination of these two events. In Figure 2-12 the recorded water
levels in the 1Jssel, near the test location, during high water events are shown. During the winter period the
starting water level in the river is around 8 m+NAP. There is no fixed water level behind the dike, therefore a
ground water level of 10 m+NAP is assumed on the inner side of the dike.

An event is called a high water event if the water level raises at least be above the 11 m+NAP. The duration
of the high water event is from the day the water level is above the 9 m+NAP until the day it is below the 9
mM+NAP.

During a WBN event the water level is 14.5 m+NAP. Since this is the same as the top of the dike, a WBN
event of 14 m+NAP is assumed to be the WBN event. The expected conservative (TRWD) and les
concervative (WC) phreatic surface are shown in Figure 2-10.

Profile of the dike body
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Figure 2-10: Height profile and the expected phreatic surfaces in the dike body of the 1Jsseldijk near Westervoort. The red points
give the locations of the inside toe, inside crest, outside crest and outside toe.

The highest recorded high water in the last ten years is 12.4 m+NAP. In December 1993 and January 1995
high water events occurred. These high water events were not recorded near Westervoort, but according to the
report the maximum high water in 1995 was around 13.3 m+NAP near Westervoort (TAW, 1995).
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-Top: 14.5 m+NAP

. Bottom: 8 m+NAP

Figure 2-11: Elevation map of the area around the 1Jsseldijk near Westervoort. Red line:
location from the height profile. (AHN, 2019)
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Figure 2-12: River level near Westervoort during the last five high water events.

In Table 2-9 until Table 2-11 a statistical analysis for the high water events of the last 10 years near Westervoort
is given. To be characterized as an high water event the water has to be higher than 9 m+NAP, with a peak
above the 11 m+NAP and a duration of at least 5 days.
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Table 2-9: Statistical analysis of the high water events the last 10 years near Westervoort

Start date | End date |#Days Day peak Peak [cm]
26-2-2010 |8-3-2010 |10 3-3-2010 1111
11-12-2010 |1-1-2011 |21 14-12-2010 |1134
9-1-2011 30-1-2011 |21 17-1-2011 1241
19-12-2011 | 2-2-2012 |45 21-12-2011 |1184
18-12-2012 |11-1-2013 | 24 31-12-2012 |1185
2-2-2013 | 16-2-2013 | 14 7-2-2013 1154
31-12-2017 |11-2-2018 |42 29-1-2018 |1174

Table 2-10: Statistical information about the duration of the high water events of the last 10 years near Westervoort.

Average

St.dev.p

Min. (95%)

Max. (95%0)

25

12

0

61

Table 2-11: Statistical information about the river level in cm of the high water events of the last 10 years near Westervoort

Average

St.dev.p

Min. (95%)

Max. (95%0)

1169

39

1052

1286
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2.4 Soil Suction

In Chapter 2.2 information about the SWCC is given. The SWCC shows the relationship between the soil
suction and the VWC or degree of saturation.

The soil suction (%) consists of the matric suction (¥n) and the osmotic suction (). The matric suction consists
of two parts the capillary suction (¥¢) and the adsorption component (¥ap). Osmotic suction is related to the
salt content present in the soil water. The osmotic suction may only be significant in cases where chemical
contamination change the salt content of the pore water, or construction occurs in saline soils or marine
conditions. In the case of soil water in the neighborhood of rivers and dikes in the upper river area, the osmotic
suction is negligible (Rowe, 2011).

The soil suction is measured as the negative pore water pressure, but only the capillary component influences
the shear strength. The adsorption component influence the water in the micro pores, which does not influence
the effective stress and therefore the shear strength of the soil (van Duinen, van Hoven, Visschedijk, &
Wichman, 2018).

The capillar component of the soil suction influences the shear strength. The maximum possible shear stress
according to the Mohr-Coulomb model can be determined with equation ( 2-17 ). If the shear stress exceeds
this maximum, failure will occur.

7 = ¢’ + o'tan (¢)
(2-17)

With:

T = shear strength [kPa]

¢ = cohesion [kPa]

o' = effective vertical stress [kPa]
¢ = friction angle [°]

The effective stress of a soil is dependent from the total stress on top of the soil and the pore water pressure
(or pore water suction).

Soil consists of two or more phases. One of the phases is the grains, which form a skeleton. In between the
grains are pores, these pores can be filled with a fluid, usually water. The effective stress can be calculated
according to equation ( 2-18).

(2-18)

With:

o' = effective stress [kPa]

o = total stress [kPa]

u = pore water pressure [kPa]

A negative pore water pressure will lead to a higher effective stress and therefore a higher maximum shear
strength. Since the pores above the water table are not completely filled with water, the suction has to be
multiplied with the matric suction coefficient, as a simplification the degree of saturation (Sr) can be used.
Equation ( 2-19 ) gives the total equation with the degree of saturation (Sy).

7, =c' t+otan(¢’) — S,utan(¢’)
(2-19)

In case of a negative pore water pressure, water suction, the effective stress will increase. The negative pore
water pressure is present in the soil above the phreatic level, the capillary and funicular zone. The dimensions
of soil above the phreatic surface where suction is present are mainly dependent on the size of the pores and
therefore on the soil type. The smaller the soil grains, the smaller the pores, the higher the capillary and
funicular zone.
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Below the phreatic level the water pressures are positive, above the phreatic level, there are suction stresses
and therefore a negative pore water pressure. The theoretical hydrostatic line above the phreatic level will
increase linear. But since the degree of saturation above the hydrostatic line is not 100% until the top, the
actual pore water pressure (pactive) Will decrease to zero (Figure 2-13).
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Figure 2-13: Graphical representation of the determination of the relevant pore water pressure pactive. (Plaxis, 2019)

Beside the influence of the effective saturation, the precipitation also influences the suction in the top layers
of the soil. Lim et al. (1996) performed a research on the infiltration of precipitation on a slope. They installed
tensiometers on top of the slope (R1), halfway the slope (R2 and R3) and at the bottom of the slope (R4).
Furthemore, they divided the slope in three parts. The first part covered with canvas (P1), the second part
without any cover (P2) and the third part covered with grass (P3). Figure 2-14 shows the difference in suction
measured during the test period. In case the water infiltrates in the soil, the suction in the top layer will
disappear. In a grass-covered dike the influence of the precipitation on the soil suction is approximately until
one meter below surface (Figure 2-14).
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Figure 2-14: Left: Ranges of measured matric suction on a residual soil slope in the Jurong Formation in Singapore (Lim,
Rahardjo, CHang, & Fredlund, 1996), right: The location of the sensors and sorts of cover on the soil.
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For example, think of a dike body with a height of five meters, with a phreatic surface during the WBN event
three meter below the top. The dike body consists of heavy clay (Staring Serie subsoil O12). The cohesion of
the soil is 5 kPa, the unit weight 18 kN/m? and the internal friction angle 20°. Figure 2-15 shows the shear
strength for the dike body, assuming the top of the dike is at 10 m+NAP, with and without taking into account
the suction. In reality the suction until one meter below the top of the dike body should not be taken into
account, since the precipitation influences these part. Therefore the maximum difference between the shear
strength with and without suction is at a height above the phreatic level of two meters. The shear strength with
suction is theoretical 54 % higher than without suction.

10 — phreatic surface

9 — with suction
54 % increase of — without suction

8 shear strength

7

height [m+NAP]
(951

0 5 10 15 20 25 30 35 40 45
shear strength [kPa]

Figure 2-15: Shear strength of a dike body above the phreatic surface. The dike body consists of a heavy clay (Staring Serie
subsoil 012) with a cohesion of 5 kPa, unit weight of 18 kN/m?and an internal friction angle of 20 °.
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2.5 Soil models

In the WBI 2017 the Critical State Soil Mechanics (CSSM) concept is used in the assessment of the slope
stability. To model the qualitative effects of the soil suction the Mohr-Coulomb (MC) model is used and for
the quantitative effects, furthermore the Hardening Soil (HS), Soft Soil (SS) model and SHANSEP concept
are used. In the end some information is given about the different methods to make a undrained calculation in
Plaxis.

2.5.1 Hardening Soil model
The Hardening Soil (HS) model is different from the MC model in describing the yield surface and the stress-
dependency of stiffness. In the HS model the yield surface can expand due to plastic straining, called
hardening. There are two types of hardening in the HS model: shear hardening and compression hardening.
Shear hardening is used to model irreversible strains due to primary deviatoric loading and Compression
hardening is used to model irreversible strains due to primary compression in oedometer loading or isotropic
loading.
The HS model is based on the Duncan-Chang or hyperbolic model and has the following basic characteristics:

— Stress dependent stiffness according to a power law;

— Plastic straining due to primary deviatoric loading;

— Plastic straining due to primary compression;

— Elastic unloading/reloading;

— Failure according MC criterion.

_61

Cone

Figure 2-16: Hardening Soil yield contour (Plaxis, 2020)

The basic characteristic of the HS model is the stress dependency of the soil stiffness. Therefore, the input
parameters for the HS model are different reference values for the soil stiffness (Table 2-12). Figure 2-20 gives
a graphical representation of the different stiffness parameters.
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Table 2-12: Input parameters for the HS model in Plaxis

Symbol | Parameter | Unit | Default value
Failure parameters as In MC model
c Effective cohesion KN/m?
7 Effective angle of internal friction °
v Angle of dilatancy °
ot Tension cut-off and tensile strength kKN/m?
Basic parameters for soil stiffness
Eso™ Secant stiffness in standard triaxial test kKN/m?
Eoed™ Tangent stiffness for primary oedometer loading KN/m?
Eur Unloading/reloading stiffness kN/m? Eu = 3E5"™
m Power for stress-level dependency stiffness
Advanced parameters (it is advised to use the default settings)
Vur Poisson’s ratio for unloading-reloading 0.2
pef Reference stress for stiffness KN/m? 100
Ko™ Ko- value for normal consolidation Ko™ =1 —sin (¢)
Rs Failure ratio g¢/ Qa 0.9
Otension Tensile strength KN/m? 0
Cinc As in MC model KN/m?® 0
Alternative parameters
Cc Compression index
Cs Swelling index or reloading index
Binit Initial void ratio
deviatoric stress
log — o3|
A asymptote
Qaf----pomm s ZELOECE
__---failure line
Qrb---- - - -
E;/|Eso
1 1

axial strain - ¢1

Figure 2-17: Hyperbolic stress-strain relation in primary loading for a standard drained triaxial test
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In Figure 2-17 the hyperbolic relationship between the axial strain (¢1) and the deviatoric stress (q) is given.
The yield curve for primary triaxial loading can be described by equation ( 2-20 ).

q= —T & for:q <ar
E; da
(2-20)
With:
g = deviatoric stress [kPa]
g; = axial strain
E; = initial stiffness [kPa]
q, = asymptotic value of the shear strength [kPa]
The initial stiffness E; is related to Eso by equation ( 2-21).
| _ 2Eso _ pref [ ccos(g)—ojsin(ep) m
E; = 2-Ry Eso = E50 (c cos(p)+pref sin((p))
(2-21)
With:

Es, = secant stiffness modulus [kPa]
R = failure ratio (default value 0.9)

E;gf = reference stiffness modulus corresponding to the reference stress prer [kPa] (pref is as default 100 kPa)

¢ = cohesion [kPa]

¢ = internal friction angle [°]

a5 = principal horizontal effective stress [kPa]
m = amount of stress dependency (0.3 — 1)

The ultimate deviatoric stress (gr) and the asymptotic value of the shear strength (ga) are defined by equation:

2sin(¢p)

/ q
9 = Toamig) (€ COU®) — 03) o =7

=%
(2-22)

With:

qs = ultimate deviatoric stress [kPa]

¢ = internal friction angle [°]

¢ = cohesion [kPa]

a3 = principal horizontal effective stress [kPa]

R = failure ratio (default value 0.9)

q. = asymptotic value of the deviatoric stress [kPa]

Although there are benefits to the HS model, there are also some limitations. The HS model does not
distinguish between peak strength and residual strength, which means that it does not include softening
behavior. There is no accumulation of strain or pore pressure in cyclic loading. Creep behavior is not included
in the model and it is an isotropic model. The model is not recommended for very soft soils (ratio Eso™" over
Eoed™ larger than two).
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2.5.2 Mohr-Coulomb model

The Mohr-Coulomb (MC) model, also called the Linear Elastic Perfectly Plastic (LEPP) model with a Mohr-
Coulomb failure criterion, is a very simplified model of the behavior of soil. In reality, the soil stiffness
depends of the stress subjected to the soil, the stress path and the strain level. The MC model gives a good first
approximation. The strain in the MC model consists of two parts, the elastic part and the plastic part (equation
(2-23)). The linear elastic part is based on Hooke’s law of isotropic elasticity and the perfectly plastic part is
based on the Mohr-Coulomb failure criterion. (Plaxis, 2020)

In Figure 2-18 the basic idea of the LEPP model is shown. If the stress acting on a surface is increasing, the
material, in this case the soil, will strain. If the stress is removed, the material will go back to its old dimensions.
This part is called the elastic strain. Plastic strain occurs after the elastic strain, and is a permanent deformation.
If the stress is removed, the plastic part of the strain will be left.

e=¢g¢+¢P
(2-23)

Plastic strains are irreversible. To evaluate if plastic strains are occurring, there is a yield function f. If the yield
function becomes equal or bigger than zero, plastic strains are occurring. Figure 2-19 shows the six yield
functions of the MC model in the principal stress plain.
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Figure 2-18: Basic idea of the linear elastic perfectly plastic model (Plaxis, 2020)
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Figure 2-19: Mohr-Coulomb yield contour (Plaxis, 2020)

The basic parameters for the MC model are given in Table 2-13. The Young’s modulus E can be determined
in different ways. In Figure 2-20 the different ways are graphically shown. In this case the Esp value of the
Young’s modulus is used. Since the undrained parameters are used, the Young’s modulus has the meaning of
the effective Young’s modulus.

With the advanced parameters a depth dependent Young’s modulus can be used. The increment of stiffness
per meter is given through the E’inc parameter. The stiffness for each depth is calculated with equation
(2-24).
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E(y) = Erer + (yref - y)Einc (y < yref)
(2-24)
Table 2-13: input parameters for the MC model
Symbol | Parameter | Unit
Basic parameters
E Young’s modulus KN/m?
v Poisson’s ratio -
c Cohesion KN/m?
® Friction angle °
' Dilatancy angle °
ot Tension cut-ff and tensile strength | KN/m?
Advanced parameters
E’inc Depth dependency of the young’s | KN/m?/m
modulus
Yref Reference depth of the young’s | m
modulus
¢ inc Depth dependency of the cohesion | KN/m?/m
Yref Reference depth of the cohesion | m
lo1 — 03]

Y

strain (1)

Figure 2-20: Different young’s modulus’ can be determined from a stress-strain graph. The location of determining the Young’s
modulus is important and depending of the purpose of the Young’s modulus. (Plaxis, 2020)

2.5.3 The Soft Soil Model

The Soft Soil Model (SS) is an advanced constitutive model to simulate the behavior of normally consolidated

soft soils, for example clays and peats. The characteristics of the SS model are listed below:

— Stress dependent stiffness behavior;

— Distinction between primary loading and unloading-reloading;
— Memory for pre-consolidations stress;

— Failure behavior according to the MC criterion.
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The model assumes a logarithmic relation between the volumetric strain (ey) and the mean effective stress (p’).
During isotropic virgin compression this relation is described according to equation ( 2-25 ) and the
relationship during unloading and reloading is given in equation ( 2-26 ). The graphical representation of the

swelling and compression index is given in Figure 2-21. (Plaxis, 2020)

p' + ccot(p)
— e = —2'In|—t
BT & n (po +c cot(go))

With:

&, = volumetric strain

£€9 = initial volumetric strain

A* = modified compression index

p’ = mean effective stress [kPa]

p° = initial value of the mean effective stress [kPa]

p' + ccot(p)
e __ oe0 — _ *1
& T & o <p° +c cot(<p)>

With:

g2 = volumetric elastic strain

€% = initial volumetric strain

k™ = modified swelling index

p’ = mean effective stress [kPa]

p° = initial value of the mean effective stress [kPa]

=np'

Pp

Figure 2-21: lllustration of the logarithmic relation between volumetric strain and mean stress. (Plaxis, 2020)

(2-25)

(2-26)
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q2

= +
M?(p' + c cot(¢)) p

!

fe

(2-27)

fe = yield surface cap hardening

g = deviatoric stress [kPa]

M = steepness parameter (determined automatically by PLAXIS)
p’ = mean effective stress [kPa]

In Figure 2-22 the cap yield surface is shown. The parameter M determines the shape and steepness of the
yield surface, but it is not a direct input parameter. M is calculated internally from the input parameters (Ko\°,
vur and A*/K*)

-~ L P - pl
¢ coty ~ P
Figure 2-22: Cap yield surface for SS model (Plaxis, 2020)
Table 2-14: Input parameters for SS model.
Symbol | Parameter | Unit
Basic parameters:
A* Modified compression index
K* Modified swelling index
c Effective cohesion kN/m?
1) Friction angle
1] Dilatanct angle
ot Tensile strength kKN/m?
Advanced parameters (use default setings):
Vur Poisson’s ratio for unloading/ reloading
KoN¢ Coefficient of lateral stress in normal consolidation
M Dependent of K,N©

2.5.4 SHANSEP Concept

The Stress History and Normalized Soil Engineering Properties method (SHANSEP) concept is a way to
calculate the undrained shear strength of a soil, based on the effective stress state of a soil. In case of undrained
behavior, the water pressures are generated in the soil, when sheared. Therefore the effective stress of the soil
and the shear stress of the soil decreases. Since the assumption is made that the slope failure of primary dikes
occurs in a short time, undrained behavior is assumed to be representative in case of soil layers with a low
permeability. In case of undrained behavior the SHANSEP method is used to determine the shear strength.
The shear strength is dependent on several factors, including the stress history and current stress conditions of
the soil. The undrained shear strength can be determined with the SHANSEP method as follows:
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O_I

su = So,;(OCR)™  with OCR = 2%

(2-28)
With:

su = mobilized undrained shear strength [kPa]
a,; = effective normal stress [kPa]

S = S—,“ for a normally-consolidated soil (OCR =1)

Oyc

OCR = over consolidation ratio
m = magnitude

In the SHANSEP NGI-ADP model in Plaxis, the OCR is based on the largest principal effective stress ox
(equation ( 2-29)).

Gl,max

OCR =

(2-29)

With:

OCR = over consolidation ratio

o, = largest principal effective stress [kPa]

01 max = largest principal effective stress the soil experienced, based on the OCR or based on the calculations
in the model. [kPa]

In Plaxis equation ( 2-30 ) is used to calculate the undrained shear strength with the SHANSEP concept.

(2-30)

With:
Su = undrained shear strength [kPa]
a == for a normally-consolidated soil (OCR =1)

Oyc

o, = largest principal effective stress [kPa]

01 max = largest principal effective stress the soil experienced, based on the OCR or based on the calculations
in the model. [kPa]

m = magnitude

Another way to calculate the undrained shear strength is with the data from a CPT test. To derive the shear
strength from the CPT data the empirical equation ( 2-31 ) is used (Ministerie van Infrastructuur en Milieu,
2019). The empirical correlation factor (N) is chosen, by comparing the CPT-data to the FVT data from the
same day.

(2-31)

With:

Su = undrained shear strength [kPa]
gc = Cone resistance [kPa]

o, = effective vertical stress [18 kPa]
Nkt = empirical correlation factor
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2.5.5 Undrained A

To model the soil suction, an undrained calculation is necessary. Plaxis gives different options for undrained
calculations. With the option undrained A, the effective stress parameters are used and should be entered in
the material parameters. If the drainage type is set to undrained A, Plaxis will add the stiffness of the water to
the stiffness matrix in order to distinguish between effective stresses and (excess) pore pressures. The
advantage of this method is the increased shear strength after consolidation if a load is applied on the soil. In
Figure 2-23 the stress paths in different scenarios are shown. In case the undrained MC model is used, the
mean effective stress p’ remains constant until failure (stress path (1)). In case consolidation occurs, the mean
effective stress will increase during the consolidation, which will result in a higher shear strength when a new
load is applied (stress path (3) and (4)). In case of soft soils (normally consolidated clays and peats), the mean
effective stress will decrease due to the shear induced pore pressure (stress path (2)).

MC ftailure line

q
A
Shear strength 1 (4) MC model
Shear strength: increase y
model
Sy -
reality A \ f"fES] consolidation
reality (2)
H'"-. (1) MC model
Yy ) .y

Figure 2-23: lllustration of stress paths; reality vs. Mohr-Coulomb model (Plaxis, 2020)

2.5.6 UndrainedBenC

Other options to model undrained behavior in Plaxis are with the undrained B or C option. The undrained B
option can be used if the undrained shear profile for a soil over depth is known. In that case a direct input of
the shear strength of the soil is used. Due to the undrained shear strength increasing with depth most of the
time, it is possible to specify an increase of the undrained shear strength with depth (Plaxis, 2020).

The undrained C option is used, when a conventional total stress analysis is performed, with all parameters
specified as undrained. On top of that, for this option the undrained shear strength is a direct input parameter.
The difference with undrained B is that there is no distinction between total stresses and effective stresses in
the undrained C option. All stresses have to be interpreted as total stresses and the pore pressure is always zero
(Plaxis, 2020).

Since the purpose of this study is to look for a way to calculate the undrained shear strength with effective
shear strength parameters the pore water pressure should be taken into account. Therefore the undrained B and
C cannot be used for the purpose of this study.
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3 Model Configuration and parameter determination

In Plaxis a model is built to determine the influence of the different variables and to make a model which
represents the measurement data. In chapter 3.2 the model is described and in chapter 3.1 the different
parameters for the soil models are derived.

An important note for the model is, that from two test locations, one model has been build. To build a model
of a dike information is needed from the foreland, dike body, below the dike body and the hinterland. As can
be seen in Figure 1-4, in Westervoort measurements are performed in the outer toe, inner toe and inner berm
and CPTs are performed every two to four weeks in the inner berm. Therefore enough information is known
about the fore- and hinterland. Furthermore in the end of October two CPTs were performed in the outer toe
and inner toe and one CPT was performed in the crest. Therefore the layering of the fore- and hinterland can
be determined. The soil layering for the dike body was not reliable with only one CPT. In Figure 1-5 it is
shown in Oijen measurements are performed in the crest only. Therefore only information is available from
the dike body and not from the fore- and hinterland.

So from Westervoort detailed information was known for the fore- and hinterland and from Oijen only
information was known from the dike body. Therefore one model is built with the dike body from Qijen and
the fore- and hineterland from Westervoort. In Figure 3-2 the area within the red lines is based on the test
location in Qijen, the rest of the model is based on the test location in Westervoort.

3.1 Parameter Determination

Different soil models are used to model the behavior of the soils in the dikes. In chapter 2.5 the differences
between the soil models are explained. In this chapter first is explained how the different layers are determined,
after that the parameter determination of the MC model, HS model, SS model and the SHANSEP concept are
described respectively.

In Westervoort CPTs were performed in the outer toe, crest, inner toe and inner berm. Furthermore soil samples
from the inner berm were taken until a depth of 4.25 m below the surface. From the CPTs a classification is
made with Figure 3-1. In the model a distinction is made between the soil types according to the CPT data as
described in Table 3-1.

Table 3-1: Soil classification from the probe resistance and friction number to determine the soil type used in this study.

Soil type Probe resistance qc [MPa] Friction number

Sand >6 <1
Sandy Clay 3-6 0-2
Silty Clay  0-1 0-3
Clay 0-1 3-5

Peat 0-2 >6
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Figure 3-1: Relation between the probe resistance, local friction and the friction number. (TAW, 2001)

From the CPTs, the soil schematization from Figure 3-2 is assumed.

Based on test
location in
Oijen

|:| clay deep

[[] day dike body
|:| day shallow
|:| peat

|:| sand

|:| sandy day below dike

|:| sandy day inner toe
|:| silty clay
|:| topsoil

Figure 3-2: Schematisation of the subsoil below the test location on the IJsseldijk near Westervoort.
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In Table 2-13 the necessary input parameters for the MC model are given. The shear strength parameters, the
friction angle (¢) and the cohesion (c), are derived from the schematization manual macro stability (Ministerie
van Infrastructuur en Milieu, 2019). The cohesion is always zero, since the critical state concept is used. Only
the topsoil does have some cohesion, to prevent micro-instability near the surface of the dike body. The default
value for the dilatancy angle is also zero due to the critical state concept.

The Young’s modulus (E) and the Poisson’s ratio are determined from the Eurocode 7 (Normcommissie
351006 'Geotechniek’, 2019). To determine the soil unit weight the results from the soil tests from Wiertsema
and Partners (Appendix IllI) where used and older assessment and reinforcement reports (Heidemij -
adviesbureau, 1986).

To determine the soil suction profile, the soils are linked to a Staring Serie. To link the soils to the Staring
Serie, the grain size distribution was needed. From a borehole in the inner berm in Westervoort and from the
crest in Oijen the grain size distribution of the soils (Appendix I11) and the corresponding Staring Serie were
determined (Wdsten, Veerman, de groot, & Stolte, 2001). The parameters used in the MC model are given in
Table 3-2.

Table 3-2: Used parameters for the different soils in the Mohr-Coulomb model.

Soil Drained/ Ydry Psat E v c o w  Staring
Undrained [KN/m3®  [KN/m?3] [kPa]  [] [kPa] [°] [°] Serie
Sand drained 17 19 45000 035 O 30 0 01
Sandy  clay undrained 19 19 3500 025 0 32 0 09
below dike
Sandy  clay undrained 17 17 3500 025 0 32 0 08
inner toe
Silty clay undrained 18.5 18.5 3500 03 O 32 0 09
Clay berm undrained 17.2 17.2 2500 04 0 32 0 011
Clay deep undrained 18 18 3000 04 O 32 0 012
Clay dike undrained/d 18.8 18.8 3000 04 0 32 0 013
body rained
Peat undrained 10 12 500 015 O 3% 0 018
Topsoil undrained/  18.8 18.8 3000 04 5 25 0 013
drained

The parameters of the HS model are different from the MC parameters. The difference between the MC
parameters and the HS parameters are the Young’s modulus’. Where in the MC model only one Young’s
modulus is an input parameter, there are three in the HS model. The three Young’s modulus’ are the Secant
stiffness in drained triaxial test (Eso"™"), the Tangent stiffness for primary oedometer loading (Eoed"™") and the
Unloading/reloading stiffness (Eu"®"). The reference vertical stress is 100 kPa. Since the Young’s modulus is
dependent of the stress level in the HS model, the Young’s modulus’ were the same for all the clay and silty
clay layers. The exponent m is one for all clayey and peat layers and 0.5 for the sand layer. The shear strength
parameters are the same as in the MC model.

The Ko"*-value is determined from the Poisson ratio from the MC model according to equation ( 3-1 ). Table
3-3 give the parameters for the HS model.
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K(I)V €= r
y, 1—=v
(3-1)
With:
Ko\© = earth pressure coefficient [-]
oy, = horizontal effective stress [kPa]
a,’ = vertical effective stress [kPa]
V = poisson’s ratio [-]
Table 3-3: Used parameters for the different soils in the Hardening Soil Model.
Soil Drained/ Yary Psat Eso™ | Eoed™ = Eu™f m Cref 0’ w | KoNC Staring
Undrained | [KN/m?] [KN/m®] | [kPa] @ [kPa] @ [kPa] [kPa]  [°] ] Serie
Sand drained 17 19 45000 45000 | 135000 05 O 30 0  0.5385 01
Sandy clay undrained 19 19 3500 3500 12500 1 0 32 0 0.3333 09
below dike
Sandy clay @ undrained 17 17 3500 3500 12500 1 0 32 0  0.3333 08
inner toe
Silty clay undrained 18.5 185 2500 | 2500 12500 1 0 32 0 | 0.6667 09
Clay berm | undrained 17.2 17.2 2500 2500 12500 1 0 32 0  0.6667 011
Clay deep undrained 18 18 2500 | 2500 12500 1 0 32 0 | 0.6667 012
Clay dike ' undrained/ 18.8 18.8 2500 | 2500 12500 1 0 32 0 | 0.6667 013
body drained
Peat undrained 10 125 1000 | 500 2000 1 0 35 0 | 0.2720 018
Topsoil undrained/ 18.8 18.8 2500 | 2500 12500 1 5 25 0 | 0.6667 013
drained

The shear strength parameters from the SS model are the same as the for the MC and the HS model. The
difference is in the stiffness parameters. Where the MC and the HS model use the Young’s modulus for the
stiffness parameters, uses the SS model the modified compression index (41 *) and the modified swelling index
(x*). The stiffness parameters can be obtained from a one-dimensional compressions test with equation ( 3-2
) and ( 3-3) (Plaxis, 2020).

* CC

231 +e) 52
.20

231 +e) 5s)

With:

A* = Modified compression index [-]

k™ = Modified swelling index [-]

C. = one-dimensional compression index [-]
Cs = one-dimensional swelling index [-]

e = void ratio [-]

From the soil test executed by Inpijn-Blokpel Ingenieursbureau for Water Board Rijn en IJssel, the
recompresson ratio and compression ratio from the NEN-Bjerrum method are known (van Heerebeek, 2017).
With equation ( 3-4) and ( 3-5) the one-dimensional compression and swelling index can be calculated. Since
the only information for this parameters was from silty clays and the stiffness parameters do not have much
influence on the shear strength, the same values are assumed for all clayey soils.
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With:
RR = recompression ratio
CR = Compression ratio

Table 3-4 shows the used parameters for the Soft-Soil model.

Table 3-4: Used parameters for the different soils in the Soft Soil Model

Soil Drained/
undrained

Sandy clay undrained

below dike

Sandy clay undrained

inner toe

Silty clay undrained
Clay berm  undrained
Clay deep  undrained
Clay dike Undrained/
body drained
Peat Undrained
Topsoil Undrained/
drained

Pdry
[KN/m?3]
17

19

18.5
17.2
18

18.8

10
18.8

Psat
[KN/m3]
19

17

18.5
17.2
18

18.8

12.5
18.8

1+e,

l*

0.12

0.12

0.12
0.12
0.12
0.12

0.12
0.12

k*

0.03

0.03

0.03
0.03
0.03
0.03

0.03
0.03

Cref

[kPa]

o O o o o

o1 o

32

32
32
32
32

35
25

KONC
0.3333
0.3333

0.5953
0.5953
0.5953
0.5953

0.1765
0.6667

(3-4)

(3-5)

Staring

Serie
09

o8

09

011
012
013

018
013

Another method to calculate the shear strength, is with the SHANSEP concept (chapter 2.5.4). For the
SHANSEP concept the ratio between the undrained shear strength and the effective vertical stress in normally
consolidated soil (a in Plaxis, S in the literature) and the power m are needed as input parameters. For both
values the expectation values from the Schematization Manual Macro Stability (Ministerie van Infrastructuur
en Milieu, 2019) are chosen. Therefore the « for the dike body is 0.31 and for the other silty clays it is 0.30.
the power exponent m is 0.9 as the default value.
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3.2 Model

To model the behavior of the dike in case of a high water event, a model is built in Plaxis. The model consists
of an initial calculation phase with three phases afterwards.

In the initial calculation phase a Ko procedure is performed to set the characteristic critical state parameters.
After that the first phase takes place. This a nill-step with plastic deformation to determine the start situation
of the dike. In these phases the river level is at daily level.

The second phase is the high water event. The river is at WBN-event level and the phreatic surface in the dike
body is higher dan during the initial situation. The soil layers above the phreatic surface are modelled to behave
drained and below the phreatic surface they model undrained. The third and last phase is the safety calculation
to determine the Safety Factor of the situation.

For the model fit to the measured data, the model was the same. Only instead of the phase with the river lever
during WBN-event a phase with the water conditions during a specific moment was implemented in the model
and no safety analysis was performed.

To determine the influence of the different variables of the model, different sensitivity analyses where
performed. In this sensitivity analysis different soil models, tolerated errors and meshing where used. To
compare the different variables, the same standard situation is used every time.

— Mohr Coulomb soil model

— Phreatic surface according to the TRWD

— Fine meshing

— Suction is not taken into account in the calculation

— Tolerated error of 1%
The comparison will be done by comparing the safety factor of the safety analysis of the model. To determine
the safety factor Plaxis uses a strength reduction method. The shear strength parameters are lowered with each
step according to equation ( 3-1), until failure occurs. If failure occurs the shear strength parameter reduction
stops and the strength reduction multiplier becomes constant.

_ tan(¢input) _ Cinput _ Su,input

YMsf = = =
tan(¢reduced) Creducted  Sureduced
(31)

With:

Y:Msf = Total multiplier = global safety factor (if constant during the last steps)
¢ = friction angle [°]

¢ = cohesion [kPa]

su = Undrained shear strength [kPa]

The safety factors will be shown in a graph with on the vertical axis the strength reduction multiplier Msf and
on the horizontal axis the steps. If the strength reduction multiplier becomes constant, is that value equal to
the global safety factor. (Plaxis, 2020)

Furthermore the safety factors obtained with the Plaxis model are compared to the results obtained with the

D-stability model, which is normally used in the assessments of the dikes. Since D-stability works only with
the tau-phi method in drained situation, the total dike was set on drained for this comparison.
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3.2.1 Influence mesh

A finer mesh normally stands for a more accurate and more precise calculation, however the calculation time
increases when a finer mesh is used. To determine the influence of the mesh, one model is calculated several
times with different meshes. Appendix I, Figure I-1 shows the results of the safety factors calculated with
Plaxis which are summarized in Table 3-5. Appendix 1, Figure 11-1 shows the failure surfaces for the different
meshes. Figure 3-4 and Figure 3-3 are showing the used mesh, mesh quality and the failure mechanism. The
influence of the mesh on the calculated safety factor and the failure surface is small. The medium mesh gives
the highest safety factor and the fine mesh the lowest, but the difference between these two is only 0.02. This
difference is very small and not significant. Also the differences in the failure surfaces are minimal.

In Figure 3-4 the mesh quality is shown, the more red an area, the worse the mesh quality, which lead to
inaccurate or non-precise results. In the coarse mesh there are a couple of big red areas, where there in the
medium and fine mesh each less and smaller red areas are showing.

Since the Factor of Safety (FoS) and the failure surface did not change significant, but the mesh quality of the
fine mesh is better, a fine mesh is used in the final model.

The very fine mesh is not calculated since the initial state does not reach the accuracy condition in the last
step.

Table 3-5: The calculated FoS and the number of elements for each mesh.

HElements #Elements
Mesh FoS Dike
Total
Body
Coarse |1.29 2417 362
Medium | 1.30 2955 464
Fine 1.28 4095 754

-5,00 0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 50,00 55,00 60,00 65,00 70,00 75,00 80,00 85,00 50,00 95,00 100,00

20,00
[*103 m]
12,00

15,00 11,00

10,00

10,00

PAVAVAVAVAVAVAVAVA AS
Y AVZAVAVASTAVA A

-15,00

Total displacements |u| (scaled up 0,200*10-2 times)
Maximum value = 11,8410 3 m (Element 7 at Node 28805)

Figure 3-3: The failure mechanism of the safety analysis for the fine mesh. The same failure mechanism occurred in all other safety
analysis.
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Quality (scaled up 5,00 times)
ez} Maximum value = 0,399 (Element 2153)
Minimum value = 0,08483%10 % (Element 245)

-5,00 0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 50,00 55,00 60,00 65,00 70,00 75,00 0,00 85,00 0,00 95,00 100,00

Quality (scaled up 5,00 times)
[2%]] Maximum value = 1,000 (Element 444)
Minimum value = 0,1430%10% (Element 303)

Quality (scaled up 5,00 times)
2] Maximum value = 1,000 (Element 604)
Minimum value = 0,6291%10 % (Element 417)

Figure 3-4: The used meshes. The coarse mesh (top), the medium mesh (middle) and the fine mesh (bottom).
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3.2.2 Influence Tolerated Error

The tolerated error has also influence on the factor of safety. The lowest tolerated error of 0.001 gives the
lowest factor of safety, while a higher tolerated error gives a higher safety factor. Table 3-6 shows that the
difference in FoS is maximum 0.03 (Appendix I, Figure 1-2). The difference in failure surfaces are minimal
(Appendix Il, Figure 11-2). The number of steps needed have an influence on the calculation time. The more
steps needed, the more time the calculation will need. The tolerated error of 0.001 needs 2.5 times as many
steps than the tolerated errors of 0.005 and 0.01, which means the calculation will be significant longer. Since
the difference in FoS is only 0.03, the difference in slip surface is minimal and the difference in calculation
steps and therefore calculation time is quite big, a tolerated error of 0.005 is used in the final model.

Table 3-6: The calculated Fos and the minimum number of steps for each tolerated error.

Tolerated F0S #S_te_ps
error minimum

0.001 1.25 241
0.005 1.28 95
0.01 1.28 93

3.2.3 Influence Soil Models

Three soil models are compared to look into the differences. First the MC model was used to give a first
impression of the safety factor. After that the HS model and the SS model were used to model the behavior of
the soil layers. In Table 3-7 (Appendix I, Figure 1-3) the results are shown in terms of the effect from the
different soil models on the FoS in a WBN situation. The SS model gives the highest FoS, the MC the lowest
FoS.

Table 3-7: The calculated FoS for the different soil models.
Soil Model | FoS
Soft Soils 1.46

Hardening

Soil 1.36
Mohr

Coulomb 1.28

When looking at the HS, SS and MC model, the shear stress is calculated in the same way, with the shear
strength parameters, ¢’ and ¢ . In all models these parameters where the same. Also the other parameters which
influence the shear strength of the soils, where comparable (Chapter 3.1). Since the shear stress parameters
where the same, the expected result where comparable FoSs. However, this is not the case. In Appendix I,
Figure 11-3 the failure surfaces of the different models are shown. In the MC model the failure surface goes
through the clay in the inner berm for a longer time than with the HS and the SS model. This can explain part
of the lower FoS for the MC model.

When the models are compared in a total drained calculation, as done in Chapter 3.2.4, the differences in FoS
are only 0.01 (Table 3-8). Therefore the difference in FoS comes probably from the generation of pore water
pressures during the failure. Assumed is the soil behaves undrained during the failure, since the failure occurs
fast. The exact reason for the difference between the soil models in the safety calculation in a undrained
situation, is unknown.

According the POV Macrostabiliteit (2018) the HS model in combination with the SS model has to be used in
a Plaxis calculation. Therefore these models are used in further calculations.
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3.2.4 Comparison D-Stability.

In the assessments of the dikes, the soil body normally is modelled and tested in D-stability (Deltares, 2019).
In D-Stability the only choice between soil models to be made is between drained and undrained. For clayey
and silty soils the program calculates the undrained shear stress with the SHANSEP concept and the drained
shear stress according to equation ( 2-17 ), without taking the suction into account. Furthermore in D-Stability
a failure mechanism has to be chosen: Bisshop, LiftVan or Spencer. The results from the calculation in D-

stability are compared to the results from the different soil models calculated with Plaxis in Table 3-8.

In a drained calculation the SS, HS and the MC model give more or less the same FoS, which is more or less
the same as the model in D-stability. Also the shear zones in both models are comparable (Appendix 11, Figure
I1-3 and Figure 11-4), only the shear zone in D-stability, Spencer method, goes not through the Peat layer, but

through the Silty Clay layer above. However, this difference has a minimal effect on the FoS.

Table 3-8: Different Results for Plaxis and D-stability in terms of FoS.

Model FoS
D-Stability

Bishop 143
D-Stabilty

LiftVan 1.38
D-Stability

Spencer 1.40
Plaxis MC 1.44
Plaxis HS 1.45
Plaxis SS 1.44

After the interpretation of the measured suction stresses, measured water contents and performed CPT-data a
safety analysis will be performed with changes in the parameters according to the results (Chapter 4). For this
model a fine mesh will be used, with a tolerated error of 0.005 and a mixture of the HS and SS model, according

to the POV Macrostabiliteit (2018).
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4 Results

The results from the different parts of the research will be shown in this chapter. First the results from the
sensitivity analysis in Plaxis will be shown, after that the results of the field tests and last the results of the
model fit to the field data and an extrapolation to the WBN-situation.

4.1 Sensitivity Analysis

The influence of the suction on the shear strength and therefore the slope stability of the dike is dependent of
different parameters. The influence of the suction profile and phreatic surface are determined. To determine
the influence of these parameters, one of the parameters is changed from the “starting” situation every time.
The starting situation consists of the following:

— Mohr Coulomb soil model

— Phreatic surface according to the TRWD

— Fine meshing

— Suction is not taken into account in the calculation

— Tolerated error of 1%
The comparison will be done by comparing the safety factor of the safety analysis of the model. To determine
the safety factor Plaxis uses a strength reduction method as explained in chapter 3.2.

4.1.1 Influence Phreatic Surface

The higher the water table in the dike body, the lower the effective vertical stress in the dike body and therefore
a lower shear strength. Due to the lower shear strength a lower FoS can be expected. Figure 4-1 shows the
location of the phreatic surfaces modelled within the dike body. The results can be found in Table 4-1 and
Appendix |, Figure 1-4. The maximum difference in safety factor is 0.27. Even at the realistic phreatic surfaces
in the dike body (1.1 m below surface (TRWD) and 1.6 m below surface (WC)), the FoS differs with 0.1,
which is a significant improvement. The change in phreatic surface does not change the slip surface (Appendix
I1, Figure 11-5).

lJsseldijk Westervoort

Profile dike body

—— 1.1 m below surface (TRWD)
15
1.6 m below surface (WC)

14 —— 2.5 m below surface

—— 3.3 m below surface
13

12

11

Elevation [m+NAP]

10

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

horizontal distance [m]

Figure 4-1: The location of the different phreatic surfaces within the dike body in Westervoort.
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Table 4-1: The calculated factors of safety (FoS) and probability of failure (Pf) for each phreatic surface

Phreatic Surface

[m below surface] | FoS
3.3 1.55
2.5 1.47
1.6 1.39
1.1 1.28

4.1.2 Influence of the Soil type

Above the phreatic surface, the soil type has an influence on the amount of suction stresses present in the soil,
especially the SWRC of the soil. The bigger the zone between the phreatic surface and the top of the dike, the
bigger the zone were effective suction stresses can be present. To determine the amount of effective suction
stresses and the contribution to the safety factor of a dike body, a sensitivity analysis with different soil types
and SWRCs is performed. The SWRCs are obtained from the subsoils in the Staring Serie (chapter 2.2.1).
From the SWRC and the phreatic surface an effective suction profile is generated in Plaxis.

Since soil suction stresses only are generated between the groundwater level and the surface, the bigger the
distance between the groundwater and the surface, the more possible generated suction stresses. Therefore the
most effect of the soil suction can be expected with the phreatic surface 3.3 m below the surface of the dike.
The river level outside the dike body is at WBN level. The suction profile is static, so only generated from the
water table in the dike body. No evaporation or precipitation on top of the dike was used. During a very dry
period higher suction stresses can be found in the soil, but since the high water events usually occur during the
winter months, when the precipitation surplus is positive, high suction cannot be expected. More realistic is a
situation where almost no effective suction is present in the top layer (the top 1.0 or 1.5 meter) (Lim, Rahardjo,
CHang, & Fredlund, 1996).

Figure 4-2 shows the soil suction profiles and the effective degree of saturation over the depth for the different
Staring Serie. The dike body and the topsoil every time get an different Staring Serie. The very heavy clay
(Staring Serie O13) gives the biggest effective suction of 28 kPa, where the coarse sand (O5) give the lowest
effective suction of maximum 1 kPa. The influence of the different Staring Serie on the FoS is shown in Figure
4-3. The coarse sand has the lowest safety factor (1.56), where the very heavy clay gives the highest safety
factor (1.64). The difference between all sands are clearly visible, while the difference between all other soils
(all non-sands) are very small (less than 0.01). For the further modelling the used Staring Serie for the dike
body material and the topsoil is the very heavy clay (013), since this clay gives the highest effective suction
and therefore the biggest difference is expected in FoS compared to a model in which soil suction is ignored.
Table 4-2 gives the calculated FoS for the very heavy clay (013), the extremely loamy sand (O4) and the
coarse sand (O5).

Table 4-2: The calculated FoS with and without taking into account static suctions form different soils.

Effect
Suction FoS
Ignore
Suction 1.56
Static
suction O13 | 1.64
Static
Suction O4 |1.63
Static
Suction O5 |1.56
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Suction profiles for different soil types
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Figure 4-2: Left: The effective suction over de depth in the middle of the dike body. The suction is generated from the water table
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4.2 Field measurements

On two location Deltares is performing field measurements. On the 1Jsseldijk in Westervoort, the soil suction,
VWC and the piezometric head is measured in the inner berm, inner toe and the outer toe of the dike. To install
the water content reflectometers and the tensiometers a borehole was made (by hand), the measurement devices
where placed and the first part of the borehole was filled with Bentonite. In the beginning of the measuring
period the measurements may be affected by the installation procedure, furthermore it takes time for the sensor
to equalize with the ground conditions. It is assumed these effects are negligible a month after installation. In
Westervoort the devices where installed the 25" of October 2019, in Oijen in the end of September 2019.
Furthermore every two to four weeks a CPT is performed in the inner berm. In the Maasdijk in Oijen the soil
suction and the VWC are measured in the crest of the dike. Every two to four weeks a CPT is performed in
the crest of the dike. Besides the CPTs, FVTs are performed to measure the in-situ shear strength of the soils.
The FVTs are performed several times on each location.

4.2.1 Field Measurements Westervoort

In Figure 4-4, Figure 4-5 and Figure 4-7 the results of the measurements performed by Deltares are shown,
Figure 1-4 shows the location of sensors near the dike. As can be seen in the bottom figures of Figure 4-4,
Figure 4-5 and Figure 4-7, the piezometric head of the sand layer, which begins around five meters below the
surface below the toes and four meters below the surface in the berm, is more influenced by the river level,
than the piezometric heads in the clay cover layer above.

The top figures gives the measured soil suction, the middle figure the measured VWC and the bottom figure
the measured piezometric head. The graphs with the piezometric heads and the suction also show the
precipitation surplus, which is the precipitation minus the evaporation measured at the weather station in
Deelen about 10 km from the test location.

Outer toe

In the outer toe in Westervoort almost no soil suction stresses where measured (Figure 4-4). Only the
tensiometer 2.0 meter below surface measured some soil suction stresses during May. Since the soil was almost
fully saturated during the whole measuring period (according to the measured soil suction stresses), the VWC
did not change significant.

In March and April there was a dry period in the Netherlands, the precipitation surplus was negative, which
means there was net evaporation. In that period the tensiometers, at least in the top, where expected to
measure some increasing soil suction. However this is not visible. While the piezometric head in the cover
layer and the aquifer decreases during this period, the measured pore water pressure in the upper two
tensiometers (1.0 and 1.5 m below surface) are staying around 0 kPa. The lower tensiometers (2.0 and 3.0 m
below surface) do show a decrease in pore water pressure. The lowest tensiometer (3.0 m below surface,

7.60 m+NAP (Table 1-1) increases until 0 kPa.

The piezometric head in the same period is between the nine and ten m+NAP in the cover layer. Which means
that the lower two tensiometers are below the phreatic surface and should measure negative soil suction
stresses, the upper two tensiometers should measure soil suction during the end of May.

An explanation for the lack of measured soil suction in the outer toe in Westervoort can be cracks. To measure
soil suction stresses the tensiometer should make contact with the surrounding soil. If a clayey soil dries, the
volume of the soil will decrease, which will lead to cracks in the soil. If a crack is formed around the
tensiometer, no capillary tensions will be formed and no soil suction will be measured. But since both upper
tensiometers measures soil suction of 0 kPa, another option is that there is no suction in that area due to a high
phreatic surface. In that case the measurements of the piezometric heads are not right, but they are actually
higher. However the piezometric heads do follow the river level and precipitation surplus quite well, so they
are looking to measure the right amount of piezometric head.

From the measured soil suction and the measured VWC, the SWRC from the soil around the tensiometer and
water content reflectometer can be determined. However almost no positive soil suction stresses were
measured and the VWC did not change significant. Therefore it is not possible the derive a SWRC from the
measured data until the end of May.
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In the inner toe in Westervoort (Figure 4-5) soil suction stresses until 15 kPa are measured during the period
from the end of March until the beginning of June. The tensiometers 1.5, 2.0 and 2.5 meter below surface only
measured soil suction until 8 kPa or less. Since the degree of saturation with a soil suction of 8 kPa is about
100 %, there is not much change in the VWC. The VWC decreases a little bit during the winter months, but
not significantly. Only the VWC from the upper water sensor (1.0 meter below surface) changes. The
maximum VWC measured is about 0.41 and the lowest VWC measured, with a soil suction approximately
100 kPa was 0.37, which corresponds according to equation ( 2-6 ) with a degree of saturation of 90 %.

The piezometric head is mostly dependent of the river level. During the winter (December until March) the
piezometric head in the cover is between the 9.5 and 11 m+NAP, during the dry period from March the
piezometric head in the cover decreases from 11 m+NAP until 9 m+NAP. Since the highest tensiometer is
on a depth of 10.21 m+NAP (Table 1-1), almost no soil suction should be measured during the winter
months. Only the lowest sensor in the inner toe is below the 9 m+NAP (Table 1-1), therefore all sensors
except the bottom one are expected to measure soil suction stresses during the spring. However, the upper
Figure 4-5 shows all sensors measured soil suction during the spring. Therefore the phreatic surface is
probably lower than the 8.81 m+NAP (depth of the lowest sensors). The soil suction measured with the
tensiometers 1.0, 1.5 and 2.5 meter below surface are all increasing with about the same speed. The
tensiometer 2.0 meter below surface stops increasing after it reached the 3 kPa. A possible explanation is the
tensiometer loosed contact with the surrounding soil due to shrinkage of the clay cover.

During the winter the measured soil suction decreases after rainfall, but in the spring this effect is barely
visible. This is possible due to the increasing temprature and therefore increasing evaporation during the

spring.
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The tensiometer 1.0 m below surface have been measuring soil suction, from a state where the soil was fully
saturated wihout any soil suction from 23 March. During the period from 23 March until the end of June!, a
soil suction of 97 kPa is measured. The measured VWC with this soil suction was 0.34. A SWRC was fitted
to the data with the van Genuchten Equation (Equation ( 2-6 )). The fitting parameters « and n gave values
within the expected range (Figure 4-6) and the R? value of 0.86 shows the fit is good. With parameters
outside of the expected range the R? values are most times below 0.8 (Chapter 4.2.2).

However the maximum measured soil suction was only 97 kPa, where a SWRC is normally calculated until
a soil suction of 1500 kPa. The water content which is still left in the soil at 1500 kPa is called the residual
water content (van Genuchten, 1980). For this case a residual VWC of 0.01 is assumed, based on the left
water content in the clayey soils in the Staring Serie. Since only the behavior of the first 97 kPa suction is
obtained, it is not sure if the found fitting parameters are the actually correct fitting parameters, but they are a
best guess. With more data with higher measured soil suction stresses during the summer for example, a
good approximation can be made for the fitting parameters.

The presented curve is the drying curve, it was not possible to derive a wetting curve. The only period where
the tensiometers measured decreasing soil suction stresses for a longer period is right after the start. At this
point it is assumed the tensiometer is still equalizing to his environment, which means it is not sure the
measured data is correct.

Westervoort - SWRC - Inner Toe - 1.0 m below surface

0.43
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041 a o 8 Ae aes a =0.539365
- n=1.191622
0.39 2
R =0.861163
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5 My oriclddaa
E 0.33 Van Genuchten Curve
031
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Figure 4-6: The SWRC (drying) fitted to the measured matric suction and volumetric water content 1.0 m below surface
in the inner toe in Westervoort. The used data is from the period 23-03-2020 until 25-06-2020.

1 The measurements results in Figure 4-5 are shown until the end of May, while there is data available until the end of June.
Because of the work process it was not possible to implement the data of June in the Figures with the measured matric suction
stresses, VWCs and the piezometric heads, but it was possible to determine part of the SWRC with the data, which is shown in
Figure 4-6.
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Inner berm

In the inner berm Figure 4-7 only the tensiometer 1.0 and 1.5 m below surface are measuring soil suction
stresses. The measured soil suction one meter below surface goes until approximately 8 kPa, for the
tensiometer 1.5 m below surface only small soil suction until 3 kPa are measured. The tensiometer two
meter below surface shows a decreasing pore water pressure during the period with net evaporation from
March.

The tensiometer 2.5 meter below surface did not measure any soil suction and only small pore water
pressures. The piezometric head in the cover varies from eight until a little over ten m+NAP. From the end
of March the piezometric head in the cover decreases until approximately eight m+NAP. The lowest
tensiometer is on a depth of 7.88 m+NAP (Table 1-1), therefore the lowest tensiometer should always be
below the piezometric head and therefore should not measure soil suction. However in that case it should
measure negative soil suction (which is positive pore water pressure), like the tensiometer two meters below
surface is measuring. Probably the tensiometer 2.5 m below surface is not measuring the correct values,
since the measured soil suction does not change from the end of March. The tensiometer two meters below
surface is only measuring negative soil suction stresses, but does follow the expected trend. Therefore it can
be the tensiometer is not calibrated correct anymore. The two most shallow tensiometers show values as
expected.

The VWC measured closest to the surface decreases from 0.47 until 0.43 when the measured soil suction is
above the 5 kPa, which is as expected. The other measured VWC did not show a significant change, which is
expected since no soil suction were measured above 3 kPa. With a soil suction of 3 kPa, most soils are still
fully saturated.
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In the inner berm a SWRC can be fitted to the field data with the van Genuchten equation (equation ( 2-6)).
The maximum measured soil suction in the end of June? was 15 kPa with a measured VWC of 0.41. The
fitted curve is the drying curve with a R? value of 0.88, with « and n values of 0.41 and 2.29 (Figure 4-8).
For this derivation the measured soil suction was even lower as for the one in the inner toe. Therefore also
the fitting parameters for this SWRC are a best guess. By obtaining more data in summer, when higher
measured soil suction and lower measured VWC are expected, a better guess can be made.

The wetting curve cannott be derived since there was not enough data.
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Figure 4-8: The SWRC (drying) fitted to the measured matric suction and volumetric water content 1.0 m below surface
in the inner berm in Westervoort. The used data is from the period 30-03-2020 until 25-06-2020.

CPTs were performed in the berm in Westervoort ever two to four weeks, furthermore three FVTs were
performed. The dates of this tests is are shown in Table 4-3.

Table 4-3: The dates on which the CPT’s and FVT in the berm are performed during the winter of 2019/2020.

October | November | December | January | February | March April May
15 04
CPT 31 28/29 19 13 10 10 06 11
FVT 31 29 - - - - 06 -

2 The measurements results in Figure 4-7 are shown until the end of May, while there is data available until the end of June.
Because of the work process it was not possible to implement the data of June in the Figures with the measured matric suction
stresses, VWCs and the piezometric heads, but it was possible to determine part of the SWRC with the data, which is shown in

Figure 4-8.
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From the CPT data the undrained shear strength is derived according to equation ( 2-31 ). The results of this
derivation, combined for different months is shown in Figure 4-9. A Nw-value of 12.5 is used, since that gave
the best fit with the FVT data (van Duinen A. , 2020).

In Figure 4-9 is visible that the derived undrained shear strength in the lower part, below eight meters above
NAP, did not change. The one meter top layer are showing a big range of measured shear strengths, from 180
until 430 kPa. During the winter season the derived shear strength lowers from 250 kPa in the beginning of
November, until 150 kPa in February. During the dry period afterwards the derived undrained shear strength
increases until more than 400 kPa.

In the graphs from November and April/May it can be seen that the Nk-value of 12.5 gives a good fit with the
FVT for all three situations. Therefore it is assumed that an empirical correlation factor of 12.5 gives a good
representation for all the CPTs (van Duinen A. , 2020).

The yellow dashed line in the graphs give the expected shear strength according to equation ( 2-17 ), with a
constant unit weight of 18 kN/m?3, cohesion of 0 kPa and a friction angle of 26.6 °. For this calculation the
suction stress was not taken into account.

Note to this results are that the method used to derive the undrained shear strength from the CPT data normally
only can be used below the phreatic surface. Therefore it is not sure if the derived shear strengths are correct
for the upper part. According to the piezometers from Figure 4-7 the piezometric head varies during the
measured period from a little over 8 until a little over 10 m+NAP. During February and March the piezometric
head was the highest, between the 9.5 and 10 m+NAP. In that period the derived undrained shear strength
should be most close to the reality. However there is no lab-data to compare this to and therefore this cannot
be confirmed.

Furthermore one Nx-value is used for the whole layer, where normally the Ni-value changes with different
layers. Since the soil according to the CPT-data until a depth of four meter is clay (Chapter 3.1), this does not
have to be a problem, however the top 1.5 meter is probably influenced by the vegetation on top, which can
be the reason that the probe resistance and therefore the derived undrained shear strength with equation ( 2-31
) is much higher than expected.

Another thing to take into account is that the FVTs are performed in the end of October (fall), the end of
November (fall) and in the beginning of April (spring). The piezometric heads during this period are both
times around the same heights and also the measured soil suction stresses and VWCs are comparable.
Therefore it is very logical the Nk-value of 12.5 gave in both situations a good fit, but it is not sure if it also
gave a good fit in a month with an increased river level and higher measured piezometric heads like in February
and March.
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November until May.

69



4.2.2 Field measurements Oijen

In Figure 4-11 the results of the measurements performed by Deltares are shown and in Figure 1-5 the location
of the sensors in the dike in Oijen are shown. In Oijen only tensiometers and water content reflectometers are
placed in the dike body.

The top figure of Figure 4-11 gives the measured soil suction and the precipitation surplus. The precipitation
surplus is calculated with data from the weather station in Herwijnen 20 km North-East of the test location.
There was no increased (Figure 4-10) river level recorded during the winter months. Therefore all the change
in soil suction stresses and VWCs are assumed to be caused by the change in precipitation and evaporation.
During the whole season soil suction is only measured in the dike body.

The highest soil suction stress is measured in the end of May. Before that period the precipitation surplus was
negative for a longer period which have led to increased measured soil suction stresses. During the period with
a negative precipitation surplus all tensiometers measured increasing soil suction stresses. The tensiometer one
meter below surface measured soil suction until 100 kPa in the end of May, the measured VWC decreased as
expected from 0.38 (degree of saturation is 100%) until 0.34 (degree of saturation is 89%). Unexpected for
this tensiometer is the later reaction to the period with only evaporation from the beginning of March. The first
measured positive soil suction is after 18 May. Before that period the pore water pressure decrease slightly,
but not as fast as expected.

A possible explanation can be water which is still infiltrating through the soil. The period before there was
quite some precipitation, the dike is very wide in that area, which means all the water has to infiltrate or
evaporate. This can mean water was stills infiltrating through the dike during the period with a negative
precipitation surplus. However in that case, the deeper tensiometers should show a decrease in measured soil
suction in the end of May, since the water was still infiltrating. Another explanation can be the bentonite on
top of the tensiometers. It can be possible the bentonite prevents the water from escaping and therefore negative
soil suction stresses will continuously will be measured, but in that case the same behavior should be seen with
other tensiometers. Also the measured VWC does not change much during the period from March until half
May, therefore it seems the tensiometer is measuring the correct value.

The measured VWC 1.7 and 2.4 m below surface were decreasing when the measured soil suction was
increasing. The change is small, but since the measured soil suction are maximum 5 or 10 kPa this is as
expected.

8 February the tensiometer 3.1 m below surface, measured a fast decrease in soil suction from almost 10 kPa
until approximately 3 kPa, after that the soil suction decreases more slowly. In the same period the VWC is
starting to increase. The measured VWC 3.1 m below surface increases fast from 0.32 until 0.41 in February
and from the beginning of May it decreases again. In the same period the measured suction 3.1 m below surface
becomes negative, which most likely means the phreatic surface in the dike body increases until above the 3.1
m below surface. The river level during that period was not higher than usual (Figure 4-10), therefore that
cannot be the reason. It is possible the water board AA en Maas increased the groundwater level in the
hinterland. Therefore, the weather was the dominating source in the change of measured soil suction and VWC,
except for the tensiometer 3.1 m below surface.

The difference in measured VWC 3.1 m below surface is quite big, since the measured soil suction stresses is
maximum 10 kPa. The difference in measured VWC is from 0.41 (assumed to be 100% saturated) until 0.32
(according to equation ( 2-3 ) 77.5 % saturated). This behavior is more expected from sandy soil, than from a
(silty) clay. More information about this behavior can be found in Chapter 2.2.
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Figure 4-10: River level in in Lith, 1.2 km downstream from Oijen.
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Figure 4-11: The measured suction stress (upper) and volumetric water content (lower) in the crest of the
Maasdijk in Oijen. The suction stress 1.0 m below surfaces increased until 104 kPa on 31 May.



From the measurements of soil suction and VWC the drying and wetting SWRCs are obtained. The wetting
curve is obtained from November until half March and the drying curve is obtained from data from half March
(except for the most shallow tensiometer) until the end of May. The obtained SWRC can be found in Figure
4-12 and the exact dates the data is obtained from can be found in Table 4-4. Also for this obtained SWRC
only small variations in soil suction and VWC were measured. Therefore more information from summer is
needed to make a better guess.

Usual the value for a are between the 0 and 1.5 and the values for n between one and four. For the drying
curves 1.7 and 3.1 m below surface the a-values are higher than 1.5. Also the R? values for that cases are lower
than 0.8, which shows that the fit is worse than the other drying curves fitted.

Probably the wetting curves measured below are more scanning curves. Normally the wetting curve is obtained
from a soil suction from 1500 kPa and the residual VWC, until a fully saturated state with no soil suction. In
the field this stage is not reached, therefore the “wetting” curve we obtained is probably a scanning curve from
the drying curve to the real wetting curve. To obtain the wetting curve, lab tests are probably needed, since
soil suction of 1500 kPa probably will not be reached in the field.

The drying curve obtained for the soil around the tensiometer 1.7 m below surface, is probably also a scanning
curve. The lowest soil suction the tensiometer measured on that depth, was -0.26 kPa on the 23 of February.
Later on 12 March also some small negative soil suction where measured. Since this measurements were
always for a short time (less than 24 hours) that low, the soil probably was not completely wetted. Therefore
the obtained drying curve is probably not the real drying curve, but more a scanning curve, hence the high
value for the « fitting parameter.

Table 4-4: The measured soil suction and VWC between the dates in the table are used to obtain the fitting parameters for the van
Genuchten Equation, to obtain the SWRC for each depth.

Depth Wetting Curve Drying Curve

[m below surface]
1.0 12-11-2019 until 28-11-2019 19-05-2020 until  31-05-2020
1.7 30-11-2019 until 13-01-2020 14-03-2020 until 31-05-2020
2.4 29-11-2019 until 12-03-2020 16-03-2020 until 31-05-2020
3.1 09-01-2020 until 28-02-2020 14-04-2020 until 31-05-2020
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Figure 4-12: the drying and wetting SWRC obtained from the field data measured in Oijen.
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CPTs were performed in the crest in Oijen ever two to four weeks, furthermore five FVTs were performed.

The dates of this tests is are shown in Table 4-5.

Table 4-5: The dates on which the CPT’s and FVT in the crest are performed during the winter of 2019/2020.

October | November | December | January | February | March April May
CPT 24 2 19 13 04 09 08 11
23 09
FVT Y 27 - - - - 10 -

Figure 4-13 shows the undrained shear strength derived from the CPT and FVT data. The undrained shear
strength is derived with equation ( 2-30 ), with a Nk value of 15 (van Duinen A., 2020). This empirical
correlation factor gives the best fit with the FVT-data.

During the winter months a decrease of the undrained shear strength is shown in the upper layer. Where it
gave peaks until 150 kPa in November, it only is around 50 kPa during the wet months after. During the dry
period in April and May the undrained shear strength increases until approximately 270 kPa. The shear strength
in the rest of the clay body is more or less constant.

The yellow dashed line in the graphs give the expected shear strength according to equation ( 2-17 ), with a
constant unit weight of 18.7 kN/m?, cohesion of 0 kPa and a friction angle of 26.6 °. For this calculation the
soil suction stress was not taken into account.

To this results the same notes should be considered as described with the CPT and FVT in Westervoort
(Chapter 4.2.1).
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Figure 4-13: The undrained shear strength derived from the CPT data and the FVT-data over the period from November until May.
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4.3 Model fit

In the WBI different soil models are used to model soil behavior. Normally if soils have a low permeability
and are below the water table, it is assumed to behave undrained and above the water table the soil is assumed
to behave drained. Since at least one tensiometer in the dike body in Oijen was always measuring soil suction,
it can be assumed somewhere in the dike body there was drained behavior. However, on 12 March the highest
measured soil suction in the dike body is less than 2 kPa. This was measured at a depth of 1.7 m below surface
and all the other tensiometers were measuring negative soil suction stresses. Therefore only a small part of the
dike behaves drained.

Therefore two methods are tried to fit the model to the measured data. Modelling with the SHANSEP concept
and with the HS model. The suction is taken into account how they are measured. Since in the berm in
Westervoort no soil suction stresses were measured until the end of March, no suction is taken into account
until that moment. In the crest in Oijen suction was measured during the whole winter, so with the calculated
SWRC with the van Genuchten equation, the actual suction in that moment was implemented in the model, by
giving the concerned soil layer in Plaxis a specific degree of saturation.

4.3.1 Fit with the SHANSEP concept

In the SHANSEP concept in Plaxis the undrained shear strength is calculated with equation ( 2-30 ). But
instead of using the OCR, the apparent OCR (OCR¥*) is used. The apparent OCR is used to fit the shear strength
computed by the model, to the shear strength derived from the CPT data. To do this the soil layers in the berm,
from surface until two meters below surface, are divided in soil layers of 0.2 until 0.5 meter. Deeper than two
meters below surface the modelled shear strength according the used soil models was almost the same as
expected according equation ( 2-19 ), therefore no changes where necessary over here. In the dike body the
soil layers are divided in layers of about 0.7 until 1.1 meter, dependent of the sensor depths.

The apparent OCR, which is used to fit the shear strength calculated by the model to the shear strength
calculated from the CPT data, does not have to be the OCR which would be found in a consolidation test. The
apparent OCR is the OCR* with which the model generates the same shear strengths as derived from the CPT
data. Figure 4-14 and Table 4-6 shows the results from the berm from the 1Jsseldike in Westervoort and Figure
4-15 and Table 4-7 show the results from the Crest in Oijen.

Table 4-6 shows the used apparent OCRs for the berm in Westervoort. The apparent OCR from 8 until 9.5
m+NAP increases during the months with the higher piezometric heads and decreases when the piezometric
head decreases in April. In December the apparent OCRs until one meter below surface increased and they
decreased again in January. This is probably due to higher piezometric head in the aquifer (sand layer below
the cover). Therefore the effective vertical stress decreases which means a higher OCR is needed to maintain
the shear strength.

The apparent OCRs are very high, since the shear strength determined from the CPT data was higher than
expected. However no soil suction stresses where measured in the berm in Westervoort between November
and April, so the higher shear stress cannot be caused by the soil suction, since there was not any.

Especially in the top layer the shear strengths are much higher than expected from the model behavior without
the apparent OCRs. This was probably caused by the vegetation on top of the berm.

Furthermore during the summer the soil suction stresses can increase until over 100 kPa, one meter below
surface. In that case the effective stress in that period will be higher, which can be the cause of the high apparent
OCR.

The highest pore pressures where measured during February/March, which should lead the lower shear
strength, however this was not visible in the shear strength from the CPT-data. Therefore the apparent OCRs
in February/March are higher than for January.
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Table 4-6: The used apparent OCR values to fit the model shear strength to the shear strength obtained from the CPT-data for the

berm in Westervoort.

November | December | Janua February/March April/Ma
Depth [m+NAP] n i ary Lary e Y
OCR OCR OCR OCR OCR
10-10.5 22 40 35 50 50
9.8-10 30 60 45 50 80
9.5-9.8 22 30 30 50 20
9-9.5 12 15 15 20 10
8.5-9 9 11 10 20 9
8-8.5 5 7 7 10 5
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Table 4-7 shows the used apparent OCRs for the crest in Oijen. Also in Oijen the shear strength in the upper
part decreased during the winter and increased in the spring. The apparent OCR in the upper part (8 until 9
m+NAP) decreased until 2.5 after which it increases again to 3. For the lower part the apparent OCR decreases
from December until April/May.

The shear strengths in Oijen were also a higher than expected, but not as much as in the berm in Westervoort.
The tensiometer one meter below surface did not measure soil suction from November until half May. The
other tensiometers did measure a decrease in soil suction until half March, after which the measured soil
suction stresses increases again.

Therefore it is expected the apparent OCR for the layer between eight and nine m+NAP will not change during
December until April/May, since the measured soil suction did not change. However a decrease is visible in
the apparent OCR in January, but this is caused by the decrease of shear strength obtained from the CPT data.
The layer from 7.3 until eight m+NAP shows a decrease of apparent OCR from beginning December until
April/May. The shear strength in the same period decreases. Therefore the decrease in apparent OCR is coming
from the decrease in shear strength, even when the soil suction was increasing in the period from half March
until the end of May.

The layers from 5.3 until 7.3 m+NAP are showing an increase in apparent OCR in February, while in this
month the lowest soil suction is measured. However the shear strength obtained from the CPT data did not
change significant, which explains the increase in apparent OCR. After that the apparent OCR is decreasing
again, since the measured soil suction increases.

Furthermore these apparent OCRs are mostly below the 3, which can mean the apparent OCR is the real OCR.
In that case the OCR from February/March is the real OCR, since in that moment there were almost no soil
suction measured in the dike body (only 2 kPa 1.7 m below surface). The increase of OCR can in that case be
the results of increasing or decreasing soil suction or pore water pressure.

Table 4-7: The used apparent OCR values to fit the model shear strength to the shear strength obtained from the CPT-data for the
crest in Oijen

Depth November | December | January | February/March | April/May
[m+NAP] OCR* OCR* OCR* OCR* OCR*
8.0-9.0 6 3 2.5 3 3

7.3-8 3 3 2.5 2.5 2

6.6-7.3 2.5 3 2.5 3 2

5.3-6.6 2 2.25 2.25 2.5 2

<5.3 1.5 2 2 2 1.5

78



November

10 ® TV10123-10-2019
9 |- — su,peak,corr
—_ - TV102 24-10-2019 =
% r B su,peak,corr <C
=8 ® TV10327-11-2019 =
- . —— su,peak,corr E
£E7 L — ——— 1009 24-10-2019 =
- r o
T E ——— 1010 24-10-2019
> 6 F e
8 5 C 1011 14-11-2019 -~
- 1012 14-11-2019
4 C 1 1 1 1 1 L 1 L 1 1 1 1 1 1 1 1
0 100 200 300 400
Shear strength (kPa)
January
10 IE
—~9 t
% [
E 8 - —— 1017 13-1-2020
C 1018 13-1-2020
€7 F
—y - tau obv phi
g 6 C Plaxis
v C
5 .
4 : 1 1 1 1 1 1 1 1 1
0 100 200 300
Shear strength (kPa)
April/ May
10 |: ® 1v10410-4-2020
su pneak corr
= 9 | 105 9-4-2020
L su,peak,corr
% 8 [ 1023 8-4-2020
- C
E 7 L 1024842020
T 1025 11-5-2020
= -
. s y 10261152020
E tau obv phi
4 1 1 1

100 200
Shear strength (kPa)

300

December
10 [
9 F
8 F - 1015 19-12-2019
7 F —101619-12-2019
6 E Plaxis
5 F
4 : 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300
Shear strength (kPa)
February/ March
10
—~9 I
Z r
Z8 r —— 1019 4-2-2020
E 7 _ = 1020 4-2-2020
= c 1021 9-3-2020
Ve | =
> : = 1022 9-3-2020
- 5 E - tau obv phi
4 : 1 ; | I — | 1 Plalxis 1
0 100 200 300

Shear strength (kPa)

Figure 4-15: The fit from the model with the shear strength
obtained from the CPT-data. The SHANSEP concept was used
to fit the model. The fit is made for in the crest in Oijen.
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4.3.2 Fit with the Hardening Soil model

In the Hardening soil model the shear strength is calculated with equation ( 2-19 ). The calculated shear
strength in Plaxis is fitted to shear strength obtained from the CPT data by changing the cohesion. Therefore
the cohesion changes in the apparent cohesion (cohesion*), which is not the real cohesion, but just a fitting
parameter to fit the calculated shear strength from the model to the shear strength calculated with the CPT
data. The soil layers are divided as described in the beginning of Chapter 4.3.1.

Figure 4-16 and Table 4-8 show the results from the berm from the 1Jsseldike in Westervoort and Figure 4-15
and Table 4-7 show the results from the Crest in Oijen.

Table 4-8 shows the apparent cohesion for the berm in Westervoort. The apparent cohesion which fit the model
shear strength to the shear strength obtained from the CPT data, decreased during the months with a higher
piezometric head and decreases during the spring. Only during the spring soil suction were measured. The
most shallow tensiometer measured the highest soil suction, which can explain the increase in apparent
cohesion in April/May. The tensiometers in Westervoort were installed in the end of October, which means
the measured data from November can be used (Chapter 4.2). Therefore it is not sure the measured soil suction
in November is the same is the measured soil suction measured in April/May.

Until March no soil suction stresses where measured in the field, therefore the apparent cohesion, which is too
high to be the actual cohesion of the soil, cannot be caused by suction stress. The actual cohesion cannot be
100 kPa, but a normal cohesion will be around the 30 kPa maximum (Normcommissie 351006 'Geotechniek’,
2019). The high cohesion in the top are most likely caused by the vegetation on top, which influences the soil
until a depth of approximately one until 1.5 meter below surface. Deeper in the soil the high cohesion can be
the results of high soil suction which are possibly measured during the summer period.

Table 4-8: The used apparent cohesions to fit the model shear strength to the shear strength obtained from the CPT-data for the
berm in Westervoort.

Depth November | December | January February/March | April/May
[m+NAP] Cohesion* | Cohesion* | Cohesion* | Cohesion* Cohesion*
10-10.5 100 95 105 100 100
9.8-10 175 170 140 100 175
9.5-9.8 115 100 100 100 115
9-9.5 80 70 70 70 80
8.5-9 65 70 70 70 65
8-8.5 40 45 50 45 40
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Table 4-9 shows the apparent cohesions needed to fit the shear strength of the model, to the shear strength
calculated from the CPT data in Oijen.

For the top layer until a depth of eight m+NAP, the apparent cohesion decreases during the winter months
where no soil suction stresses where measured and is increasing again when soil suction stresses are measured
again. However the decrease in apparent cohesion happens from November until January and the increase
happens from January until the end of May, but the measured (negative) soil suction is more or less constant
during the whole period from December until half May. So the decrease and increase of apparent cohesion
cannot be explained from the measured soil suction.

The deeper layers (below 8 m+NAP) show a decrease in apparent cohesion from December until the end of
May, while the measured suction stresses were increasing again from half March. So also here the change in
apparent cohesion cannot be explained by the change in measured soil suction.

Table 4-9: The used apparent cohesions to fit the model shear strength to the shear strength obtained from the CPT-data for the
crest in Oijen.

Depth November | December | January February/March | April/May
[m+NAP] Cohesion* | Cohesion* | Cohesion* | Cohesion* Cohesion*
>9 40 35 20 45 120

8-9 90 35 15 35 50

7.3-8 55 35 20 25 25
6.6-7.3 20 40 20 30 20
5.5-6.6 15 30 25 25 15

<5.5 5 10 20 20 5
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4.3.3 Extrapolation to WBN situation

The results from the model fit with the Hardening Soil model (apparent cohesion) will be used to compare the
FoS in a WBN-situation where the extra strength is taken into account, to the FoS in a WBN-situation where
the suction stress is ignored, so no apparent cohesion is used. This will be done separately for the inner berm
and for the crest, since the information for both parts come from different test locations. For the SHANSEP
concept this will not be done, since the pore pressure influences the effective stress, which influences the shear
stress directly and indirect by the apparent OCR. Therefore it is difficult to predict the apparent OCR in case
of WBN situation.
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The suction stress is taken into account by implementing an apparent cohesion on the soils in the dike body,
inner toe and the berm. Furthermore a fine mesh is used, with a tolerated error of 0.005 and a phreatic surface
in the dike body according to the WC, since this is the most realistic phreatic surface. For the soil models a
mixture of the HS and SS model is used. The soils which gave values for the shear strength according to the
equation ( 2-19 ) are modelled with the SS model, the soils with apparent cohesions and the more sandy soils
are modelled with the HS model.

From the results from the berm in Westervoort it can be derived which apparent cohesion predicts the measured
shear strength the best in different situation during the winter. In February/March the piezometric head in the
cover is around the 10 m+NAP, which is just below surface. Therefore this apparent cohesion should be there
during a WBN event. For the inner toe, which consists of a sandy clay to clayey sand, the apparent cohesion
of the strongest layers from the berm is assumed to be present.

From the results from the crest in Qijen, the lowest soil suction where measured during March, but the lowest
apparent cohesions to fit the model where found in January. Since the most normative situation is needed to
perform the assessment of the dike body, the apparent cohesions of January are used in this final assessment
of the WBN situation. Since in January there was no high river level in the Maas near Oijen, the apparent
cohesions during a WBN event will be probably lower for the part of the dike which is below the phreatic
surface during a WBN event. Since the most conservative estimate of the phreatic surface during a WBN event
is 2.2 m below surface. The apparent cohesion of the layers lower will only change in that case. Since a couple
of layers will have a lower apparent cohesion, the shear strength will be lower too. Therefore the FoS in a real
WBN event will be lower than the FoS which is calculated in this situation.

The results in terms of FoS are shown in Table 4-10. When all cohesion are zero, except for the top layer
(cohesion is 5 kPa, to prevent micro instability), the FoS is 1.54. This is higher than in the FoS calculated in
chapter 3.2.3 Influence Soil Models, but this is caused by the different phreatic surface in the dike body.

If apparent cohesions are added in the dike body, the FoS increases until 1.94. This is an increase of 0.4, which
is quite a lot. The slip surface did not change significant compared to the situation without apparent suction
stresses.

If apparent cohesions are added in the berm and inner toe, the FoS increases until 2.12. This is an increase of
0.58, which is a big increase. The slip surface did change also compared to the situation without apparent
cohesions (Figure 4-18). This is a results of the apparent cohesions in the berm. If the cohesion increases the
shear strength increases and therefore shearing will not happen until the shear stress is higher than the shear
strength.

Table 4-10: Results with and without apparent cohesion applied in different soil layers during a safety assessment of WBN level in
terms of FoS.

Situation FoS
With apparent 212
cohesions berm
With apparent
cohesions in the 1.94
dike body
Without apparent
cohesions

1.54
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5 Interpretation

Chapter 4 gave an overview of the results of the sensitivity analysis, the field measurements and the model fit.
In this chapter the results are interpreted, starting with the interpretation of the sensitivity analysis, after that
the interpretation of the field data and last the interpretation of the model fit.

5.1 Sensitivity analysis

In the sensitivity analysis the effects of the depth of the phreatic surface and the effect of the different soils in
the Staring Serie are evaluated. As stated in literature there are different ways to model the phreatic surface in
the dike body during a WBN event. A conservative way to do this is the method from the TRWD (TAW,
2004), where the phreatic surface in this case is 1.1 m below the top of the dike. A less conservative and more
realistic method is the WC (Deltares, 2017), where the phreatic surface in this case is 1.6 m below the top of
the dike. Two more phreatic surfaces were tested, 2.5 meter and 3.3 meter below the surface of the dike.
With this sensitivity analysis, the suction was ignored. However, the lower the phreatic surface, the bigger the
zone where suction can be present and the bigger the influence of the suction on the shear strength. Even
without taking the suction into account, the influence of the phreatic surface is significant. The lower the
phreatic surface, the higher the FoS. This is caused by the lower water pressure in the dike body, which means
a higher effective vertical stress, resulting in a higher shear strength (equation (( 2-17 ) and ( 2-18 )), which
can lead to a higher FoS. However a higher effective stress also lead to higher load on the dike body which
can result in a lower FoS. But since the FoS according to the sensitivity analysis increases with a lower phreatic
surface, it seems the net effect of a lower phreatic surface in the dike body is a higher FoS.

If suction is taken into account this effect is stronger, since the effective suction increases further above the
phreatic surface, as can be seen in Figure 4-2. Especially the finer soils O6 until O15 from the Staring Serie
show an increase in effective suction with height above the phreatic surface. However in reality the effect will
be less than visible in chapter 4.1.2, since the phreatic surface likely is higher than 3.3 m below surface.
Furthermore the top of the dike body (1 until 1.5 m below surface) is highly influenced by the weather.
Therefore, suction cannot be expected in the upper area of the dike body (Chapter 4.2.2). To model the
influence of the suction on the FoS, the location of the phreatic surface in the dike body has to be known. The
used prediction methods (TRWD and WC) are both expected to be conservative. Therefore, the real phreatic
surface is probably lower than the location the TRWD and WC are calculating.

Furthermore a static state analysis of the groundwater flow is advised in the WBI (Ministerie van Infrastructuur
en Milieu, 2019), but it is not known how long it takes to reach the static state situation or if it is reached at
all. Also, the generation of pore pressures within the dike body during the WBN event is not known. A time
dependent analysis about the generation of pore pressures (and soil suction stresses) within a dike body, is
advised to generate more knowledge and insight in the location of the phreatic surface in a dike body during a
WABN event.
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5.2 Field Measurements

From November until the end of May the field data of the sensors in Westervoort and Oijen are shown in
chapter 4.2. From the suction and the VWC measurements, the SWRC wetting and/or drying curve was
obtained if possible. This was possible for all the sensors in the crest in Oijen and for the upper sensors (one
meter below surface) in the berm and inner toe in Westervoort. For the deeper layers this was not possible
since there was not enough data with a (high enough) positive soil suction or enough variation in VWC.
In Figure 5-1 the SWRCs obtained from the field data (Chapter 4.2) are shown in the same figure with the
SWRCs from soils from the Staring Serie.

In chapter 4.2 it is already mentioned that the wetting curves obtained from the field data in Oijen are probably
more scanning curves, since the 1500 kPa soil suction, which is needed to obtain the wetting curve, is not
reached in the field.

The obtained SWRC for the tensiometer 1.7 m below surface has relatively high values for the fitting
parameters a and n, which is likely caused by the fact that this obtained drying curve is a scanning curve since
the lowest measured soil suction was only -0.26 kPa for a short time.

The soils in the dike body in Oijen and inner berm in Westervoort consist of clayey soils. Based on this, the
obtained SWRCs are expected to be comparable to the clayey soils of the Staring Serie. However, the SWRC
in Oijen 1.7 and 3.1 m below surface and in the inner toe in Westervoort are more comparable to the SWRCs
from the sandy soils in the Staring Serie. From the inner toe in Westervoort it is known the soil was sandier
than in the berm. From the drilling in Oijen (Appendix I11, Figure I11-1) it is known there are small sand layers
3 until 3.8 meter below surface. The tensiometer only measures a couple of cm?, but the water content
reflectometer measures a couple of dm®. In this couple of dm? it couls have taken into account part of a sand
layer, in which the VWC decreases faster in case of small soil suction stresses, which explains the obtained
SWRC from the field data.

However, most tensiometers only measure soil suction stresses until approximately 10 kPa, where normally
the SWRC is obtained for higher suction stresses. These higher suction stresses are likely measured during
summer and after a whole year of measuring it is possible to obtain a SWRC from the field data with higher
measured suction stresses. Furthermore, the SWRC obtained from the field data has to be compared to the
SWRC obtained in the lab from a soil, to compare the in-situ behavior with the behavior in the lab.
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Figure 5-1: Comparison from the SWRC from the Staring Serie and the SWRC obtained from the field data.

From the sensitivity analysis about the soil type (Chapter 4.1.2) it is known the FoS does not change significant
between the clayey soils. Therefore the exact SWRC of the soil does not have to been known as long as it is
known if the soil is a sandier soil, since the increase in FoS is significantly lower in that case.
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Figure 5-2 shows the shear strength obtained from the CPT data and from the FVT on the left axis. On the
right axis the measured soil suction is displayed. The Figures are only made for Oijen, since in Westervoort
not enough suction stresses are measured. In the graphs a trend is visible between the shear strength and the
measured soil suction. If the measured soil suction decreases, the shear strength decreases and if the measured
soil suction increases the shear stress increases. However, the amount of decrease and increase of the shear
strength cannot be explained by the change in measured suction only. According to equation ( 2-19 ) effective
suction multiplied by the tangent of the friction angle, is the contribution of the suction to the shear strength.
The effective suction can be calculated by multiplying the measured suction with the degree of saturation
(equation ( 2-19)).

At a depth of 1.7 meter below surface a soil suction increase of 5 kPa was measured from 10 March until 11
May. If the degree of saturation was 100 %, the maximum effect of the suction on the shear strength according
to equation ( 2-19 ) was: 5-1-tan(32) = 3.12 kPa. The average increase which is visible is larger than
expected from the increase in suction based on equation ( 2-19 ). 2.4 meter below surface with an increase in
measured suction, an increase in measured shear strength is not visible.

Overall the shear stress is higher than expected compared to equation ( 2-19 ), especially in the periods with
high measured suction. This can have different causes.
1. The shear strength obtained from the CPT data is not accurate.

The Nk value for the shear strength is determined with a comparison with the FVT. These FVTs were
performed in the end of October, November and April. For example in Oijen, one meter below surface,
the FVTs performed in November and April are both performed during a measured soil suction of
approximately 2 kPa. However, looking at the fit in November the FVT was in the middle of the CPT-
data and in April the FVT was on the lower side of the CPT data.1.7 meter below surface the measured
FVTs in April are 20 kPa higher than the calculated shear strength from the CPT data. The soil suction
measured during these times are approximately 10 kPa in November and 3 kPa in April. 2.4 meter
below surface the shear strength from FVTs in November are in the middle of the shear strengths from
the CPT data, likewise in November. A lot of differences are measured, but overall there are quite in
the middle.
However FVTs are not performed in the months with the lowest measured effective suction and the
highest piezometric heads, February and March. Next to that, during the end of May when the measured
soil suction is increasing to values of 100 kPa one meter below surface, FVTs are not performed to fit
the CPT data and evaluate the Nk:. Therefore, it is possible the Nk: value of 12.5 is not a sufficient fit in
the situation soil suction is not measured or when high soil suction is measured. Since the Ny value
influences the shear strength calculated from the CPT data, it can be the shear strength obtained from
the CPT data is not accurate.

2. The suction and VWC measurements are not accurate.

The suction and VWC measurement devices are placed in the soil, with on top a couple of cm bentonite.
Bentonite is a soil which absorbs a lot of water and has the capability the hold the water for a long
time, even in a dry surrounding. This can result in a higher measured VWC and a wrong measured
suction stress. This can be tested by take some samples, from which the suction and VWC are measured
in-situ in the field and later in the lab and compare them.

Another option is the response time of the sensors. The used tensiometers have a response time of only
5 seconds for a pressure change between 0 and 85 kPa. So in between these values the measured soil
suction stresses should be in time. Only the tensiometer one meter below surface in Oijen measured
suction stresses above the 85 kPa, therefore the measurements above 85 kPa can be inaccurate.
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matric suction in the crest in Oijen.



5.3 Model Fit

From the CPT-data the undrained shear strength is determined with equation ( 2-31). In Chapter 4.3 the model
is fitted to the data with the apparent OCR in the SHANSEP concept and the apparent cohesion for the HS
model. In the results it is visible that the shear strength lowers in the top layer during the winter months and
increases again in the spring. Therefore, the apparent OCRs and apparent cohesions do change during the
seasons to. A very specific trend is not visible when comparing the apparent cohesion or OCR with the
measured soil suction stresses in the field.

The lowest soil suction stresses in the dike body in Oijen were measured in March, however the lowest
apparent cohesions and lowest apparent OCRs are needed in January. A possible explanation for this is that
the shear strength obtained from the CPT data decreased between January and February/March.

In the inner berm in Westervoort, soil suction stresses were only measured during spring. For the other periods
negative soil suction stresses were measured. The piezometric head was the highest during February/March,
which was the same period the apparent cohesions where the lowest. However, the apparent OCRs during
February/March were higher than the apparent OCRs in January. This can possibly be caused by the vertical
effective stress, since the vertical effective stress does not only influence the undrained shear strength directly,
but also indirectly via the OCR (equation (( 2-28)).

The results from the model fit with the HS model are extrapolated to the WBN-situation. For this extrapolation
the situation with the lowest cohesion was chosen from the model fit. The result shows a big increase in FoS
from 1.54 until 1.94 for the apparent cohesions in the dike body and an increase from 1.54 until 2.12 for the
apparent cohesions in the berm.

Note to this calculation is that the average apparent cohesions are used, likewise other default parameters.
However normally in the assessment of a dike body, the characteristic values are used. The characteristic
values are the values with a 5% probability to be lower in the reality. If these values would be used the apparent
cohesions probably will be lower and likewise the increase in FoS will be lower. Therefore this evaluation of
the FoS increase is only to show that there is an increase in FoS, but nothing can be said about the amount of
increase in stability which will happen in reality.
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6 Conclusion and recommendations

The main question of this report is: What is the influence of the soil suction on the slope stability of the dike
and how can it be modelled? To answer this question six sub questions are formed and answered in this report.
Below a short summary of the answers to all the sub questions is given, followed by some recommendations
for the waterboard and further research.

6.1 Conclusion

What is the most progressive and conservative hydraulic state of the dike in the initial state (before the start
of the WBN event) and during the WBN event in steady state?

The hydraulic state before the WBN event can be calculated with the formula of Dupuit or with the TRWD.
Dupuit gives a more realistic height of the phreatic surface where the TRWD gives a more conservative state.
During the WBN event there are two ways to determine the hydraulic state of the dike. The more conservative
method is with the TRWD while the less conservative method is the method used in the WC. A more elaborate
answer is found in Chapter 2.3.

From the sensitivity analysis it is known that the influence of the phreatic surface in a dike body is of great
influence on the FoS of the dike body. A lower phreatic surface lead to lower pore water pressures in the dike
body, which leads to a higher effective vertical stress, a higher shear strength and probably to a higher FoS.
This effect is enhanced since more effective suction stresses can be present, the bigger space between the
phreatic surface and the top of the dike (zone 2 + 3 from Figure 1-2). Therefore more research to the location
of the phreatic surface in a dike body is recommended (Recommendation 1).

From the field measurements (Chapter 4.2) it is known, suction is present in the dike body during the whole
measured period. However, in the top layer no soil suction was measured and therefore it is assumed in the
top one meter of a dike body no suction stresses will be present during a high water event. 1.7 meter below the
top of the dike body, suction was measured for almost the whole duration of winter. Consequently, it can be
assumed that with a phreatic surface lower than 1.7 m below the top of the dike, suction stresses are present
in the dike body.

What is the effect of the soil suction on the shear strength of clay and the slope stability of the dike?

From the literature study the influence of the suction stress on the shear strength and therefore the stability of
the dike body are explained. In case there is suction in a pore, the vertical effective stress of a soil increases.
If the vertical effective stress increases, the shear strength increases (according to equation ( 2-19 )) which
results in an increase of dike body stability. Especially in clayey soils the capillary zone, the unsaturated zone
above the phreatic surface where suction stresses are present, can be several meter high. A more elaborate
answer can be found in Chapter 2.4.

However, the measured shear strengths where significantly higher than expected based on the soil unit weight,
friction angles and measured suction in the soils. More research is needed to find a reason for the high
measured shear strengths in the soils. A possibility is that these high shear strengths are caused by the higher
soil suction stresses in the past. Therefore it is maybe possible that clay has some memory or aging effects.
(Recommendation 2).

What is the maximum influence of the soil suction in the dike body on the factor of safety in case of a clay dike
in the most positive and negative case?

In the most positive case, the phreatic surface in the dike body is as low as the initial condition, for example
according to Dupuit (around 3.3 meter below surface for the modelled dike) and there is suction through the
whole dike body above the phreatic surface (static suction, the suction is only influenced from the water table).
In the worst case, the phreatic surface is according the TRWD (1.1 meter below surface for the modelled dike).
In the worst case, the FoS was 1.28 in the best case 1.64. The difference between these two is mainly caused
by the difference in phreatic surface. If only the contribution of the soil suction is taken into account, with a
phreatic surface 3.3 meter below surface, the FoS increases from 1.55 to 1.64, which is considered a significant
increase.
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Remarks for this calculation are that expectation values from the Manual Macro Stability are used instead of
the parameters for the soil itself. Beside that a phreatic surface 3.3 meter below surface in case of a WBN
event and suction through the whole dike body is not realistic probably. Furthermore, a probability of failure
IS a better way than the FoS to compare the situation with or without taken suction into account. In that case a
probabilistic analysis is needed (Recommendation 3).

Is it worthwhile to perform a time dependent analysis of the initial situation, the development of the phreatic
surface and the influence of the factor of safety of slope stability of the dike?

Since the phreatic surface has a big influence on the FoS of the dike, a time dependent analysis with this
development is worthwhile. In that case also the generation of pore water pressures and soil suctions are
modelled to a more realistic situation, which calculates the time needed to achieve steady state conditions.
From this evaluation can be concluded if steady state is reached at all during a WBN event. If not a different,
probably lower, phreatic surface can be assumed during a WBN event.

Furthermore, from the measurements in Oijen it is known that the top one meter below surface is influenced
by precipitation and evaporation. The tensiometer at a depth of 1.7 m below surface is not influenced by
precipitation and evaporation, meaning the weather influences the soil suction in the soil for a depth between
the 1.0 and 1.7 m depth. A time dependent analysis, gives a better determination for which depth the weather
influences the soil suction in the dike body (Recommendation 1).

How can the stability modelling of the unsaturated zone be improved by using the field data obtained by
Westervoort and Oijen.

From the measured soil suction and the VWC the increase of the effective stress from the suction is calculated.
From the data it is known that in the dike body from 1.7 meter below surface to 2.4 meter below surface there
are generally some soil suction stresses present. However, the measured soil suction during the winter months
where low, with values between 0 and 10 kPa. Hence, the contribution to the shear stress during that period is
minimal, according to equation ( 2-19 ), with a maximum of 6.2 kPa and an effective suction of 10 kPa. The
measurements from one meter below surface in the dike body are always below 0 kPa. This means water
pressure is present instead of suction, which is assumed to be the result of the precipitation surplus.

The modelling of the unsaturated zone is improved by taking into account the static suction for the part of the
dike body above the phreatic surface until 1.5 m below surface (further research recommended,
Recommendation 1). This is done by measuring the in-situ suction and the VWC, or by implementing a SWRC
from a comparable soil from the Staring Serie or a SWRC obtained from lab tests. Since only one dike body
was measured and the results from soil suction and VWC measurements are not yet compared to lab SWRC,
more test location are recommended to verify this data (Recommendation 4).

Should the WBI be improved according to the results of this research?

According to the results of this research suction stresses of approximately 0 to 10 kPa are measured in a very
wide dike body, without an increased river level, until 1.7 meters below surface and above the phreatic surface.
Therefore, it can be assumed that in case of WBN event suctions are present in a dike body, if the phreatic
surface in the dike body is lower than 1.7 meter below surface. The influence of the suction will not be very
large in most cases, since the measured suctions are low. In most cases the assumed phreatic surface in the
dike body is higher than 1.5 meter below surface. However, in some cases the zone from the phreatic surface
in WBN event until the top of the dike can be 1.7 m or even larger. For example in storm dominated areas.
The duration of the WBN is only a couple of days in a storm dominated area, whereas it is a couple of weeks
in discharge dominated areas.

From the results of this research alone the WBI cannot be improved, but it is worthwhile to perform more
research for special cases where the zone from the WBN event until the top of the dike is at least 1.5 meter or
more and on some dike bodies with a more conventional geometry than the dike body in Oijen
(Recommendation 5).
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In total the suction contributes to shear strength through the effective vertical stress. Possibly even more, since
the measured shear strengths were higher than expected. Other possibilities for the higher shear strengths are
memory or aging effects of the clay or influences from other strength effects. The contribution of the suction
is modelled by taking the effective suction into account from the phreatic surface in the dike body until 1.7
meter below the top of dike. Less than one meter below the top of the dike the pore water pressure will be
influenced by the precipitation and evaporation, which means that after precipitation no suction will be present.
It is unsure how deep the precipitation and evaporation influences the soil exactly, but at least until 1 meter
below surface and maximum until 1.7 meter below surface.

To model the suction a SWRC obtained from the soil would be the best option. Since the difference in influence
of the SWRCs form the Staring Serie was minimal, a SWRC from the Staring Serie or obtained from lab data
can also be an option.
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6.2 Recommendation for the Water Boards

The WBI has a “comply or explain” approach, which means the assessment of the dike should meet the
requirements. If the dike does not meet the requirements, the dike has to be reinforced, or the water board
should explain why the dike does not meet the initial requirements, while still being safe enough. For these
dikes an “expert test” (In Dutch, toets op maat), can be performed. In this case the influence of the suction
can be considered. In some cases, this can help to motivate why a dike does meet the requirements.

As stated in Chapter 6.1 the precipitation and evaporation influence the dike body until a depth of at least
one meter below surface. 1.7 meter below surface the influence of the precipitation and evaporation was not
visible anymore. Furthermore, the tensiometer 1.7 meter below surface measured soil suction during almost
the whole winter. Only on two separate days negative soil suctions where measured. Therefore, it can be
expected there are always some (small) soil suctions present in the soil between the phreatic surface and 1.7
meter below surface.

The recommendation for the water boards is to take the suction into account in the following situation. If the
dike body does have a phreatic surface deeper than 1.5 meter below surface the suction can be taken into
account. According to this study he precipitation and evaporation influence the soil until at least 1 meter
below surface, so 1.5 meter below surface is an assumption, for the exact location more research is needed.
The suction can only considered to be present in the zone between the phreatic level and 1.5 meter below
surface (Figure 6-1). To do this, a SWRC is needed from the soil or a comparable soil. The SWRC can be
obtained from soil suction and VWC measurements in the soil, from a SWRC from lab tests, or from the
Staring Serie. The SWRC can be entered in Plaxis or another modelling program which is used. It is advised
to use static suction, since only the upper 1.5 meter of the dike is assumed to be influenced by the
precipitation and evaporation. The upper 1.5 meter of dike should be modelled to be dry, as is done in the
current assessment.

To determine the location of the phreatic surface in a dike body during a WBN-event a groundwater flow
analysis in Plaxis (PlaxFlow) can be performed. Since the TRWD and the WC give both a conservative
prediction of the phreatic surface, a PlaxFlow analysis will probably give a more realistic location of the
phreatic surface. This phreatic surface is expected to be lower than the phreatic surface obtained with the
TRWD or the WC, which lead to a bigger unsaturated zone were soil suction stresses can be present.

Top layer,
" No suction measured

WBN I*/

Zone with
suction stresses

. ——

Figure 6-1: The dike body with phreatic level in a WBN event. If the phreatic surface is more than 1.5 m
below surface, the suction can be taken into account for the part of the dike body which is above the
phreatic surface, but below the 1.5 m from surface.
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6.3 Recommendation for further research
Recommendations for further research can be found below.

1. Since the phreatic surface within the dike body during a WBN event is of great influence on the FoS
of the dike, it is important to know how far the phreatic surface of a dike body is increasing during a
WBN event. The lower the phreatic surface in the dike, the higher the FoS. Besides that, the amount
of suction in a dike body is dependent on the height of phreatic surface.

In the upper one meter the pore water pressure is highly influenced by the precipitation and evaporation.
The suction in that region is not constantly there. 1.7 meter below surface this influence was not visible
anymore. With further research a better idea of the zone which is influenced by the weather can be
found.

The lower the phreatic surface, the bigger the region where suctions can be present. Now steady state
groundwater conditions are assumed during a WBN event for the rivers in eastern Netherlands, but the
groundwater flow is not steady state during a WBN event. More knowledge about the development of
phreatic surface and the pore pressure during an increasing river level will improve the understanding
of the generation of pore water pressures and to the influence of the soil suction on the FoS. Therefore,
research to the development of the phreatic surface and the pore pressure within a dike body during a
WBN event should be performed. This can be a combination of field research and a time dependent
analysis in a modelling program.

2. It is recommended to research which parameters are influenced by the suction. In the literature only
the effective stress is found as an influenced parameter, but since the calculated shear strengths from
the CPT data where higher than expected other parameters may be influenced too, for example the
cohesion or OCR. Especially the influence of high suctions during the summer on the shear strength
of soil during period without suction should be researched, since this can be the cause of the high
measured shear strengths in the berm in Westervoort and the crest in Oijen.

3. It is recommended to perform a probabilistic analysis on one whole dike body. This since the results
of the assessments are normally given as a Probability of Failure, which is easier to compare than the
FosS.

4. 1t is recommended to compare the SWRCs obtained from the sensor data to the SWRCs obtained in
the lab. Also, compare in-situ measured soil suction and VWC to the obtained SWRC in the lab. This
since the behavior of soil in the field can be different than in the lab. This is done to create more insight
in the behavior of suction in soils in a dike body.

5. Recommended is to measure more dikes, to make sure the suction is also there in different types of
dikes. In this case it is recommended to at least place sensors in the inner toe, crest and outer to of the
dike. If this is compared with enough soil test the probabilistic analysis from recommendation 3 can
be performed on the same dike body.

Also, the dike body in Oijen is quite wide, which can lead to lower suction stresses, since less water
from precipitation will run off and more water will infiltrate in the dike body. Therefore, a more
conventional dike body should be chosen as the next test location.
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Appendix I.  Figures Safety Factors
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Figure I-1: Influence of the mesh on the safety factor. The tested model has a phreatic surface according to the TRWD, suction
is not taken into account, the Mohr-Coulomb soil model is used and the tolerated error was set at 1%.
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Figure 1-2: Influence of the tolerated error on the safety factor. The tested model has a phreatic surface according to the TRWD,
suction is not taken into account and the Mohr-Coulomb soil model with a fine meshing is used.

99



Influence Soil Model

1,5
1,45
1,4
.
[1]
= —55
N
——HS
1,35
——MC
13
/\_,w—"’_’_ 1’25
0 10 20 30 40 50 60 70 20 90 100

Steps

Figure 1-3: Influence of the soil model on the safety factor. The tested model has an tolerated error of 0.01, suction is not taken into
account, the phreatic surface according to the TRWD was used and the mesh is fine.
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Figure 1-4: Influence of the phreatic surface of the dike body on the safety factor. The tested model has an tolerated error of 0.01,
suction is not taken into account and the Mohr-Coulomb soil model with a fine meshing is used.
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Appendix Il.  Slip Surfaces
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Figure II-1: Failure surfaces from a calculation with different meshes in Plaxis. A coarse mesh is used for the upper graph, a
medium mesh for the middle graph and a finer mesh for the lower graph.
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Figure 11-2: Failure surfaces from a calculation with tolerated errors in Plaxis. A tolerated error of 0.01 is used for the upper graph, a
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Figure 11-3: Failure surfaces from a calculation with different soil models in Plaxis. The Mohr-Coulomb soil model is used for the
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Figure 11-4: Failure surfaces from a calculation with D-stability. The Bishop method is used for the upper graph, the Uplift Van for
the middle graph and the Spencer for the lower graph..
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Appendix 1. Soil Test Results
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Figure llI-1: Borehole diagram from the Crest in Oijen
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B201 | 9_a 330 | 7.06 143 | 142| 76| 875| 24274%* | 214| 6813 | 6772 | 99.40
B201 |10_a 370 | 666 122 | 11.8| 45| 164.8| 21426%* | 3.71| 78.77| 7496 | 95.16
B201 |10_b 385 | 651 132 | 130| 59| 1194| 2301* | 280| 7370| 7228 | 98.07
B201 |11_a 402 | 6.34 129 | 128| 57| 1261 | 2179.4** | 277 | 7350 | 7284| 99.1
B201 [11_b 425 | 6.11 185| 179| 142| 2668| 2605* | 080| 4454| 3844 86.30
Figure I1I-3: CLA of the berm in Westervoort
= oz Zandiractie
g 2 E% Gebruikte zeven [mm] met cumulatieve gewichtspercentages d> . )
5 § S 5 E‘ @ fiinheids
E z 5%. HEE Mz |getal Fm | Da/Dy| Dy
@ § &'E% R 4 2 14 1 071 0500 035 02% 0180 00125 009 0063 0045 0035 0020 0,016 0,002 0,000 [ mm ] [-1 [-] [ mm]
B201 | MOD2 | +9.06 tot +9 86 m. Ksdgi 06 [ 08 [ 10 [ 13 [ 16 [ 23 [ 34 [ 54 [ 66 [ 151 [ 228 [ 332 [ 371 [ 403 [ 661 [ 607 [ 792 [ 1000 015| 0,258 | 1,807 [ 0,075
B201 | MO03 | +956 tot +9 46 m. Ksd - j 01| 02|04 |08 ] 12| 23 | 37 | 82 | 146 | 245 | 289 | 327 | 510 | 566 | 777 | 1000 | 0102 | 0,115 | 1,675 | 0,072
B201 | MOD4 | +316tot +3 06 m. | Ks3 [ | o2l o3 ! o5 ! o8 118 1 2868 1 42 | 58 | 97 | 121 1 144 1 314 1 381 | 701 | 1000 ! 0109 | 0,067 1074 | 0,072 |
B201 | MO05 | +8,76 tot +8,66 m. | Ks3 [ - | 04 | 10 | 14 | 20 | 27 | 38 | 49 | 74 | 103 | 153 | 176 | 196 | 322 | 360 | 672 | 1000 | 0122 | 0,140 | 2,157 | 0,074 |
B201 | MOO6 | +8,36tot +8,26m. | Ksd - j01)02 )05 10 ] 30| 97 |184 | 254 | 301 | 355 | 375|393 | 501 | 536 | 76,2 | 100,0 | 0,184 0,363 2,648 | 0,089 |
B201 | MOO7 | +7,96 tot +7,86 m. Ks2 -1 I o1 102109 1 28 60 1051120 1145 1171 1 184 11961 300 | 352 1 60,0 1 100,01 0,215| 0,208 | 3,130 | 0,001 |
B201 | MO08 +7 56 tot +7 46 m. Ks1 - | 02| 04 | 07 | 15 | 26 | 44 | 59 | 67 | 73 | 80 | 85 | &% | 139 | 169 | 480 [ 1000|0269 | 0130 | 3232 | 0,119 |
B201 [ MO0%9 +7,16 tot +7,06 m. Ks1 - | | | [ 03 | 06 [ 13 | 1,9 | 24 | 28 | 32 | 35 | 37| 58 | 7.1 | 381 | 1000|0214 | 0,040 3,073 | 0,006 |
B201 | MO10 | +676tot +666m. | Ksi plantenresten | - | | 03 | 13| 22 | 35 | 49 | 67 | 84 | 97 | 107 | 116 | 11,7 | 123 | 140 | 150 | 365 | 1000 | 0297 | 0212 | 3845 | 0,117 |
B201 | MO11 | +636tot +6,31m. | Ksi plantenresten | - | | 03 | 10| 19 | 32 | 60 | 122 | 174 | 199 | 210 | 221 | 226 | 229 | 254 | 265 | 40,1 | 1000 | 0267 | 0,363 | 2413 | 0,147 |
T

Figure IllI-4: Grain size distribution in the berm in Westervoort
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[m] [m] kN1 | [kN/m 1| TkN/m31 | [ 9] [ka/m?] [-1 [%] [%] [%]
B 001 2_a 0.60 8.63 188 15.9 14.6 88| 2816.1** 076 | 43.09| 13.04| 30.26
B 001 3_a 0.90 8.33 19.2 17.6 15.1 16.1 | 2621** 070 | 4118 | 2484 | 60.32
B 001 5_a 1.75 7.48 19.0 18.5 15.0 23.8 | 2599.5** 070 | 4128 | 36.36| 88.08
B 001 6_a 2,10 7.13 187 18.3 14.4 27.1 | 2605.9** 078 | 4368 | 39.76 | 91.02
B 001 7_a 2,50 6.73 184 17.7 13.8 283 | 2628.9** 087 | 4647 | 39.80| 8564
B 001 8_a 2,95 6.28 18.6 18.3 14.2 28.7 | 2620.5** 0.81 4461 | 41.60 | 93.26
B 001 10_a 3.75 5.48 188 18.6 14.5 27.8 | 2628.5** 077 | 4362 | 41.20 | 9446
B 001 11_a 4.10 5.13 17.6 17.1 12.6 36.0 | 2622.1** 1.04 | 51.00| 46.28 | 90.74
B 001 12_a 4,50 473 19.6 19.3 15.7 22,6 | 26495** 065 | 3941 | 3628 | 9205
B 001 13_a 4,85 438 184 18.1 13.9 30.6 | 2640.9** 087 | 4647 | 4324 | 93.04
B 001 13_b 4,95 4.28 19.2 18.7 15.2 23.3| 2607 * 069 | 4067 | 36.08| 8872
B 001 14_a 5.25 3.98 19.2 19.0 15.2 248 | 2605 * 068 | 4043 | 3848 | 9518
B 001 14_b 5.45 3.78 19.1 18.7 14.9 25,2 | 2664.6** 075 | 4294 | 3828 | 89.15
B 001 16_a 6.15 3.08 185 18.3 14.0 304 | 2624.1** 084 | 4557 | 4340 | 9525
B 001 17_a 6.65 2.58 17.0 16.2 11.7 384 | 2622.2** 1,20 | 5453 | 4580 | 84.00
B 001 18_a 6.90 2.33 18.7 18.4 14.3 29.1 | 2634.7** 0.81 4475 | 42,36 | 9465
Figure IlI-5: CLA from the crest in Oijen
5 ) E Zandfractie
E - -% sZ Gebruikte zeven [mm] met cumulatieve gewichtspercentages d> fiinheids
S 7] 5 = -
E g %g% 5 é,g Mz |getal Fm | D/ Dys| Di
] = rcZ 2S5 1,4 1 071 0500 0355 0250 0,180 0,125 009 0063 0045 0038 0,020 0,016 0,002 0,000 [ mm] [-1 [-1 [[mm]
BOO1 M002-a +8,83 tot +8,47 m. Ks3 01 ] 01 03] 067 10 16 | 38 [ 126 ] 186 [ 225 [ 239 [ 254 [ 374 | 421 ] 653 [ 1000 | 0,132 | 0,149 1,872 | 0,086
BOO1 MO003-a +8 43 tot +8,16 m. Ks2 | | 02 | 02| 05 |10 | 17 | 58 | 106 | 143 | 158 | 176 | 309 | 360 | 61,8 | 1000 | 0,114 | 0,070 1,742 | 0,077
BOO1 MO005-a +7 63 tot +7,37 m. Ks2 0,0 0,0 0,1 0,1 0,4 0,9 23 36 52 6,3 7.6 219 | 282 | 585 | 1000 | 0,115 | 0,028 1,862 | 0,075 |
BOO1 MO006-a +7,23 tot +6 90 m. Ks2 0,1 0,1 0,4 1,1 24 44 6,2 81 9.6 11,3 | 266 | 328 | 616 | 1000 | 0,132 | 0,056 2,098 | 0,078 |
BOO1 MO007-a +6,83 tot +6,68 m. Ks3 0,2 0,3 0,6 1,1 25 6,9 109 | 134 | 146 | 169 | 191 | 213 | 356 | 408 | 653 | 1000 | 0,220 | 0,217 3,087 | 0,096 |
BOO1 MO008-a +6,43 tot +6,16 m. Ks3 0,2 0,4 0,7 1,1 1,5 23 43 9.1 127 | 159 | 176 | 200 | 353 | 407 | 66,3 | 1000 | 0,137 | 0,129 2,046 | 0,083 |
BOO1 MO010-a +5 63 tot +5,31 m. Ks2 0,3 0,6 0,9 1,3 1,9 33 53 7.2 9.8 116 | 138 | 29,7 | 358 | 640 | 1000 | 0,135 | 0,084 2235 | 0,077 |
BOO1 MO11-a +523 tot +4,97 m. Ks3 0,3 0,7 1,1 1,7 24 34 5,1 6,9 9.9 114 | 138 | 325 | 39,1 | 66,2 | 1000 | 0,128 | 0,089 2,240 | 0,075 |
BOO1 MO012-a +4 83 tot +4 49 m. Ks4 0,2 0,4 21 115 | 264 | 335 | 384 | 413 | 439 | 577 | 618 | 775 | 1000 | 0,149 | 0,287 1,968 | 0,093 |
BOO1 MO013-a +4 43 tot +4,34 m. Ks3 0,3 0,7 1,9 67 | 205 | 318 | 346 | 360 | 369 | 381 | 459 | 490 | 70,0 | 1000 | 0,191 | 0,392 1,786 | 0,130 |
BOO1 MO014-a +4 03 tot +3,88 m. Kz3 0,1 05 1,7 40 148 | 464 | 694 | 736 | 753 | 765 | 773 | 81,8 | 832 | 897 | 1000 | 0,197 | 0,860 1,662 | 0,136 |
BOO1 MO014-b +3,88tot +3,70 m. Ks4 0,1 0,5 1,7 6,2 149 | 274 | 344 | 396 | 433 | 460 | 597 | 639 | 788 | 1000 | 0,156 | 0,341 2,120 | 0,093 |
BOO1 MO16-a +3 23 tot +2 92 m. Ks2 0,1 0,3 0,5 0,7 1,1 1,4 22 28 37 47 6,1 189 | 247 | 584 | 1000 | 0,145 | 0,039 2391 | 0,078 |
BOO1 | MO17-a | +283tot +248m. | Ks2 | | 02 | 05| 06 | 09 | 16 | 43 | 90 | 115 | 138 | 153 | 168 | 298 | 352 | 643 | 1000 | 0,147 | 0,114 2,102 | 0,087 |
B0O1 | MO18-a | +243tot +223m. | Ks2 | | | | | 02 |03 | 05|10 ] 13 | 16 | 21 | 29 | 123 | 178 | 554 | 1000 | 0,145| 0,013 2202 | 0,081 |

Figure IlI-6: Grain Size distribution from the crest in Oijen
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Appendix IV. Influence Weather on the Suction and Piezometric Head
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Figure IV-1: The soil suction stresses measured in Westervoort in the outer toe, inner

toe and berm with the precipitation.
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Westervoort - Outer toe - Piezometric Head
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Figure IV-2: The piezometric head measured in Westervoort in the outer toe, inner toe

and berm with the precipitation.
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Figure IV-3: The soil suction measured in Westervoort in the outer toe, inner toe and
berm with the Temperature.
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Figure IV-4: The piezometric head measured
and berm with the Temperature.
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Figure IV-5: The soil suction measured in the crest in Oijen, with the precipitation (upper Figure) or Temperature (bottom

Figure).
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