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Introduction

Climate change may result in a reduction of integrity and reliability of engineered slopes in
general and can even lead to failure of the soil structure due to pore pressure changes. The
failure of a peat dike in the very dry summer of 2003 at Wilnis in the Netherlands (Figure 1.1)
illustrates the effect of meteorological conditions on the integrity of a slope. This failure
caused no casualties, however the damage was about twenty million euros and since climatic
change may cause droughts to occur more often the safety level of the 7000 km of peat dikes
in the Netherlands has to be secured. The Knowledge for Climate program of the Dutch
Ministry of Infrastructure and Environment therefore supports research into the behavior of
these engineered slopes under changing conditions as the underlying processes are
insufficiently known. Results from this research will lead to more efficient and more effective
advice for maintenance, remediation and adaptation measurements. The presented research
aims at a better description of the flow process in engineered slopes, like road embankments,
flood defenses and embankment dams.

-y i .
X w

-'ﬂ.*. L
Wilnis dike falure

R,

Finge 11

Groundwater flow simulations provide predictions of the water pressure field in the dike,
which can be used for the stability assessment. The finite element method is often preferred
for solving these problems because of the flexibility of this technique in capturing complex
multti-dimensional geometries [1]. However for real time stability assessment calculations the
speed is often too low. The Dupuit assumption [2] provides an alternative for complex
computations. This approximation states that groundwater flow in aquifers (high permeability
sandy deposits) is oriented horizontally and flow through aquitards (low permeability clay or
peat deposits) takes place in the vertical direction. If the dike is considered as an aquifer then
special boundary conditions have to be added to model the effects of two-dimensional flow. A
groundwater flow simulation predicts the piezometric heads in the aquifers that can be
interpolated throughout the flow domain. Figure 1.2 illustrates the outcome of a simulation for
a system of a single aquifer confined by an aquitard and a dike. The figure shows the
piezolines in the aquifer (black) and the embankment (green) and the total stress and water
pressure along three vertical lines. The difference between the total stress and the water
pressure gives the effective stress, which relates to the shear strength and slope stability. The
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figure also shows the location of four observation wells where groundwater heads are
monitored in time.
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Figure 1.2 Effective stress and pore pressure.

The Penmann-Monteith model simulates evapo-transpiration [3], which sums transpiration of
the grass and evaporation of the bare soil. The potential transpiration flux is found by
weighting wet and dry transpiration fluxes with the fraction of the day over which the crop is
actually wet and dry. This fraction depends on the canopy precipitation interception. The
potential evaporation flux scales the evaporation of bare soil with the decrease in net
radiation inside the canopy. The groundwater flow model accounts for transpiration by non-
linear sink terms in the root zone, assuming a normally distributed root length. Under optimal
growing conditions, the strength of the source term equals the potential transpiration flux, but
if conditions are too wet or too dry only a portion of the flux is actually applied. At the
boundary of the groundwater flow domain the potential net precipitation flux equals the gross
precipitation flux reduced by canopy interception and potential evaporation. This flux is
applied as long as the corresponding pressure is smaller than the pressure at which ponding
takes place or larger than the pressure in equilibrium with the prevailing air relative humidity.
Maximum and minimum pressure conditions apply outside this interval. The Penmann-
Monteith model has to be supported by daily meteorological measurements of the maximum
and minimum temperature, the average wind speed, incoming short wave radiation and
actual vapor pressure, agricultural information on the crop resistance and the leaf area index
of the canopy and site specific information given by the latitude and the altitude of the
embankment under observation.
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Figure 1.3 Slip circle.

Slope stability approximations often assume that the soil fails along a circular slip surface for
which a stability factor can be calculated [7]. The stability factor compares the actual shear
stress at a circular slip surface to the maximum shear stress. Both the actual and maximum
shear stress may be calculated numerically, by subdividing the slip circle in slices that are
bounded by vertical interfaces. In cases where the slip surface intersects a low permeable
layer and the water pressure underneath a low permeable layer exceeds the weight of the
material above, the slip surface needs to be modified. Here the low permeable layer will be
lifted up and the effective stress becomes small. A circular slip surface overestimates the
stability for this case and a slip surface that follows the geometry of the material interface
gives a better approximation of the reliability of the slope. The critical slip surface follows from
solving an optimization problem. Figure 1.3 shows the critical slip surface, which followed
from the evaluation of 1000 circles. A grid of 10x10 points specified the circle center points,
and each point considered 10 circle diameters. This optimization problem needs to be solved
for each time step.

The proposed climate change impact assessment follows from a dynamic system simulation.
Time dependent hydraulic constraints and meteorological conditions provide input signals for
the system. The Penmann-Monteith expression generates agro-meteorological boundary
conditions for the Dupuit model, which simulates groundwater flow and a modified Bishop
expression assesses geo-mechanical stability. Observation wells monitor the geo-hydrologic
system behavior and provide data for model calibration. The stability factor response gives a
geo-mechanical output signal of the dike system. The proposed climate module will be linked
to Delft-FEWS [8], which is acknowledged worldwide for the real time forecasting of
hydrodynamic water levels and waves in rivers, lakes and seas, using prediction models and
monitoring data. Figure 1.4 presents an overview of dike ring 10 Mastenbroek and illustrates
the capabilities of Fews-Dam. Here dynamic system simulation assesses the stability of the
dike ring through groundwater simulations and associated stability calculations of individual
cross sections. The red sections denote negative safety assessment for a high water level
situation. This part of the knowledge for climate project aims to facilitate future climate change
impact studies, which can be carried out by imposing climate scenario’s for dike rings and
judging their safety. These scenario’s can be given by predicted future hydrodynamic water
levels and waves in rivers, lakes and seas and predicted droughts and periods of heavy
precipitation.
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Figure 1.4 Overview dike ring 10, Mastenbroek.
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Chapter 2 of this report presents the groundwater flow model, and Chapter 3 discusses the
definition of the evapo-transpiration boundary conditions. Chapter 0 outlines the newly
developed slope stability model. The coupled groundwater flow - slope stability model is
applied for an existing peat dike near Boskoop in the Netherlands. Chapter 5 presents the
results and compares the Dupuit model to a Richards model. However, the proposed climate
change impact module can be used for engineered slopes in general. Chapter 6 presents the
conclusions.
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Groundwater flow

Laminar flow through porous media can effectively be modeled by imposing Darcy's law and
considering conservation of mass. Darcy's law gives an expression for the specific discharge

g; (m/s). This expression reads

K.k [ 0
q =——J{—p—pgjj 2.1)
po X,

where p (N/m?) denotes the pore pressure, g, (m/s?) indicates the gravitational

acceleration vector components, p (kg/m®) expresses the density of the fluid, 1 (kg m/s®)
is the dynamic viscosity of the liquid phase, «;; (mz) indicate the components of the intrinsic

permeability tensor of the soil skeleton, and Kk, expresses the relative permeability of the

porous medium. Throughout this report index notation will be used. Equations are given for
Cartesian coordinates X, (M), and time will be denoted by t (S). The domain of interest Q

is closed by its boundary I'". The mass balance equation reads

@=—%+q on Q
ot OX;

nz—f+(a+nﬁ) (2.2)

where n (-) denotes porosity, S (-) expresses saturation, & (m?/N) is the compressibility

of the (elastic) soil skeleton, (mle) specifies the compressibility of the pore water and q
(1/s) expresses a source term. Alternatively the compressibility of the soil skeleton can be

written as a =1/ (1+2v), where 4 (N/m?) and v (N/m?) denote Lam\a'{e} constants.

The governing equation for saturated groundwater flow follows from Darcy's relation (2.1) and
the mass conservation equation (2.2) as

n§+(a+nﬁ)%—i{K %j-i-q on Q (2.3)

ot ot ox | ox,

This equation is known as the storage equation. The primary variable in the storage equation
is the hydraulic head ¢ (m), which reads ¢ = p/(pg)+2z, where z (m) is the elevation

level. The hydraulic conductivity K; (m/s) is expressed as K; =k x;
depends on both the fluid phase and solid phase properties. For saturated conditions the

relative permeability is constant, k. =1. The numerical model that will be presented in this

pg/ u. Its value

chapter is based on a more convenient control-volume form of the mass balance equation,
which is given by
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oS o¢ _
.[QnEdQJrIQ(a+n,8)§dQ=—jrqinidF+IquQ (2.4)

where n, (-) denotes the outward pointing normal to the boundary I".

Dupuit considers one-dimensional horizontal flow through high permeability aquifers and one-
dimensional vertical flow through low permeability aquitards. Dupuit's approximation
transforms the storage equation for a system of two aquifers and a single aquitard into

j*n%dQ:j*le%nxdF-i-I *udﬂﬁf .qdQ

o ot r OX @ c e (2.5)
[ (a+nB)pgD %dQ=I kD, %2 p dr+ | htog Q+[ qdQ

o > ot N o

where ¢, expresses the head in the unconfined top layer and ¢, is the piezometric head in

the semi-confined bottom layer. In both lines of the equation kD =K D (m?/s) expresses

the transmissivity of a high permeability layer. For the unconfined layer this transmissivity
depends on piezometric head, whereas the transmissivity has a constant value for the semi-

confined layer. In both lines c=d/k, (s) denotes the hydraulic resistance of the low

permeability layer that separates both high permeability layers. The implicit finite volume
discretization for both lines of equation (2.5) reads

¢n+1 _¢n ¢n+1 _¢n+l ¢n+l _4n+l
a.LI (] (] :lerrj_z ) 1+1, j 1] —kD-n+1 1] 1-1,
)
Xi,j - Xi—l,j

i-1/2,
At i+1,j Xi,j

¢n+1 _¢n+l ¢n+l _gn+l

1, j+1 (] (] 1,j-1

+L L G
C Ci'jf1

(2.6)

i,j+1

where the horizontal extent of a single cell is given by L, :(XM—XH)IZ and its height

reads D, =z -z, where z denotes the elevation level of the top of cell i and 2z is the

elevation level of the bottom of this finite volume cell. A prescribed flux Q, > 0 specifies a flux
into the system, and will be used for the definition of boundary conditions.

The effective transmissibility of an aquifer follows from summing up the transmissibilities K,

of the sub-layers that form the aquifer weighted by their thickness d, according to kD =k.d..

The thickness of an unconfined aquifer follows from the difference in position of the water
table and bottom of the the aquifer. The effective resistance of an aquitard follows from
summing the hydraulic resistance of all its sublayers, given by the quotient of the thickness of

its sub-layers and their hydraulic conductivity as ¢c=d /K. The storage term a (-) in

equation (2.6) equals the effective porosity in the case of an unconfined aquifer and reads
a=n,. This effective parameter value corresponds to the mean variation in pore water

volume under changing water table conditions related to the volume of the soil. For the case
of a (semi) confined aquifer the storage term reads a = (a + nﬁ)pgD . The time dependent
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behavior of the water pressure in the aquitards is taken into account by introducing an extra
unknown (¢ ) for these layers. The equation that describes the head in an aquitard reads

n+1 n n+1 n+1 n+1 n+1
¢|,j _¢|,j _ L ¢|,j+l_¢|,j L ¢|,j “ Y
| n+1 N n+l
At Ci,j+l Ci,j—l

alL, (2.7)

The system of equations that needs to be solved couples the equations for the aquifers (2.6)
to the equations of the aquitards (2.7). This expression implicitly applies the consolidation

coefficient ¢, (m?/s) given by c,=k/(a+nB)pg via the definition of a and the

resistance C. The storage term simulates the dissipation of pore pressures, the generation of
pore pressures will be added to the system next.

Boundary conditions apply to artificial boundary layer nodes according to
sily (Vin+1 - |nj+l) =L (2.8)

where v, (m) is an artificial head and & (1/s) denotes connectivity. This expression

specifies the source term Q, = &L (¢i?j+1 —vi””) in equation (2.6) and facilitates the modeling

of flow though the unsaturated zone in a simplified way.

Dirichlet boundary conditions prescribe the head at the river boundary and the polder
boundary as v;, :5. The conditions apply to the vertical boundaries of the first confined
aquifer, where the connectivity is replaced by a reciprocal resistance. The resistance at the
river side models the flow behavior outside the model domain as &L, =kD/I", where I’
relates to the position where the river cuts the confined aquifer. The polder resistance
enables a reduction of the model size in the other direction. The conductivity & is set to an
arbitrary large value for submerging boundaries in order to impose the head directly.

Free outflow of groundwater is prescribed by seepage conditions. Figure shows a seepage
face at the inner crest of the dike. Seepage boundary conditions set the pressure equal to the
atmospheric pressure along the boundary as long as the groundwater flows out of the flow
domain and state a no-flow condition if the pressure is less than atmospheric pressure. The

first condition reads v; = z; if §, <0, the second states ; =0 for v, < z;.

An iterative procedure detects the state of the seepage condition and adjusts the state when
needed; if the head is prescribed and inflow occurs then a zero flux is enforced; if the flux is
set to zero and the pressure exceeds the atmospheric pressure then the head, which relates
to atmospheric conditions, is enforced.

Submerging conditions state a prescribed head at the bottom of the river and parts of the
outer crest. The first state of this condition applies if the river level is above the submerged

part of the flow boundary. Either outflow or inflow might occur according to v, = 5 if 5 > 7.

Flow through the unsaturated zone is accounted for by setting & =k; /h., where k (m/s) is
the saturated hydraulic conductivity and h (m) expresses the height of the unsaturated
zone, which reads h =z, — ¢, . For boundary nodes located at river surface level the pressure
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will be zero v; =z;. The flux then follows from @, =& (z, —¢,), which equals the saturated

permeability because of the definition of £. Non-linear (effective) material behavior may be
accounted for by imposing a functional relation k =k(h). However, the flux through the

unsaturated zone (correctly) increases linearly with increasing surface pressure for
submerged nodes. If the condition of this first state is not met then seepage boundary
conditions are imposed, adding two states for submerging conditions.

Uplift conditions apply to the shallow aquifer and simulate the displacement of the low
permeability cover layer due to excess pore water pressures. The head is prescribed if flow

into the storage zone underneath the cover layer occurs. This state reads ¢ = z; +yd, / pg if
G >0, where y (N/m®) denotes the unit weight of the soil. No flow conditions apply if the
calculated hydraulic head is less than the elevation of the bottom of the cover layer and read
g, =0 for (q). - Zi)pg > yd, . Uplift conditions generalize the seepage condition.

Precipitation and evapo-transpiration generalize the seepage boundary condition as well.
During periods of precipitation the pressure at the boundary has to be less than the sum of
the atmospheric pressure and a ponding pressure that corresponds to the depth of water
stored at the surface. The first state of the generalized condition for positively prescribed

boundary (inflow) fluxes @ >0 reads Q; =L, for v; <z +h, . If this condition is not met and
inflow is prescribed, then a ponding condition hp holds for precipitation that reads

v; =z, +h  if § <7, which states that the calculated flux @ is less than the prescribed flux
g . Evaporation limits the pressure at the boundary to the vapor pressure in the air.

The first state of the generalized condition for negatively prescribed boundary fluxes @ <0
now reads Q, =qL,; for v, >z, —h,, where h, relates to the vapour pressure. If this condition
is not met and outflow is prescribed then the condition states v, =z, —h, if Q, > qL,.

If the in-flux g exceeds the permeability k then (v —¢)/(z—¢)>1, and the artificial head
v rises above the surface level. If on the other hand @ is less then Kk then
(v—¢)/(z-¢)<1 and the head of the artificial nodes will be below the surface level to
which they apply. For outflow the situation is reversed.

The effective porosity relates to the water content 6 (-), which reads 6 =nS and can be

expressed as a function of water pressure. For some materials porosity and saturation are
interrelated. For these materials a shrinkage characteristic can be constructed, which relates
the void ratio € (-) to the moisture ratio w (-) . The void ratio expresses the quotient of pore

volume V, (m®) and solid phase volume V, (m®) as e =V, IV, , whereas the moisture ratio
relates the water volume V, (m®) to the solid phase volume as w=V, /V, (in soil

mechanics the water content reads W =G, /G,). If the volume of the solid phase remains

constant then the shrinkage characteristic expresses the relation between pore volume and
water volume directly and as the bulk volume reads V :Vp +V,, the characteristic then also

expresses the change in total volume as a function of moisture ratio. An alternative
expression for the water content reads NS =w/ (1+e). Standard laboratory tests however

relate the water content directly to water pressure. At this moment the effective porosity is
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based on these standard results and the proposed groundwater model does not consider
geometrical changes due to water content variations.

The unit weight of the soil follows from y =nSp“g+(1—n)p°y, where p“ (kg/m®)
indicates the density of the water phase and p° (kg/m®) is the density of the solid phase.

The bulk volume can be expressed as V = (1+¢)V, and its weight as G = yV . As the model

does not consider geometrical changes the unit weight needs to be modified in order to obtain
the correct weight of the partly saturated soil.

Impact of climate change on engineered slopes for infrastructure 5 of 37






1201351-008-GEO-0001, 25 April 2012, final

Evapo-transpiration

The potential evapo-transpiration ET (m/d) according to Penmann-Monteith reads

vo(R,=G)/ A" +a,pc* (e —e*)/(A"r?)

== p"v+p"y® (l+ r°/ra)

(3.1)

where v, (kPa/K) denotes the slope of the vapor pressure curve, R (J/m?d) is the net
radiation, G (J/m°d) expresses the soil heat flux density, A" (J/Kg) is the latent heat of
vaporization, a, (s/d) provides a unit conversion a =8.6410*, p* (kg/m®) is the air
density, ¢* (J/kgK) specifies the specific heat capacity of moist air, €* (kPa) expresses the
actual vapor pressure, €° (kPa) is the saturated vapor pressure, p" (kg/m®) denotes the
density of water, y* (kPa/K) is the psychometric constant, r° (s/m) denotes the crop
resistance and r® (s/m) is the aerodynamic resistance. In this report the soil heat flux
density will be neglected G ~0J/m?d, and the density of water is approximated by
p" =10° kg/m®.

The actual vapor pressure needs to be measured and the crop resistance has to be
determined, the rest of the unknowns follow from the a sequence of expressions, which
needs to be supported by meteorological measurements of the maximum and the minimum
temperature per day, the average wind speed and incoming short wave radiation. Site

specific information needed includes latitude, altitude and leaf area index of the canopy. The
latent heat of vaporization reads

A" =250110°-2.36110° T (3.2)

where T (C) is the average daily or 24 hour temperature, which follows from T .. (C) and

Tan (C) as T=(T,u—Tu)/2. Minimum and maximum temperatures follow from

min

measurements. The saturated vapor pressure follows from

ed =0.3055exp 1727 T +0.3055exp 1727 Ty (3.3)
T, +237.3 T +237.3
The slope of the vapor pressure curve relates to the saturated vapor pressure
v, = 4098¢e, : (3.4)
(T + 237.3)

The psychometric constant is calculated by
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. 1.6310°p®
4 =22 P

3.
e (3.5)

5.256
| o :101.3(T +273—0.00652j

T +273

where p® (kPa) denotes the atmospheric pressure at the given elevation altitude z (m).
The latent heat of vaporization follows from equation (3.2) and the atmospheric pressure
reads p°® =1.3310°In (ef’1 / e_f‘) . The density of the air relates to atmospheric pressure

a p® —0.378¢*
_3.486 P —°°f0€¢ 3.6
p T 1273 (36)

The specific heat capacity of moist air follows from

aiW
pa

c® =0.622 (3.7)

where the psychometric constant and the atmospheric pressure follow from equation (3.5)
and the latent heat of vaporization is given by equation (3.2). The aerodynamic resistance
reads

—In z,—0.67h In z,—-0.67h 1 ] (3.8)
0.123h 0.0123h )0.1681u

where z, (cm) is the elevation level at which the wind speed measurement are conducted,
z, (cm) gives the position of the vapor pressure measurement apparatus and h (cm)
expresses the height of the canopy, which is usually bounded by 0.1cm <h <300cm. The
wind velocity u” (m/s) is given by u” =1.33u and limited by u >10"* m/s . The average wind
speed U (m/s) is measured. The net radiation follows from R =R®—R! where R?

(J/m?d) denotes net short-wave radiation flux density, and R! (J/m°d) is the net long-wave
radiation flux density. The net short-wave radiation flux density follows from

RS = (1— c' ) RS (3.9)

where ¢ (-) is either the crop reflection coefficient c° or the soil reflection coefficient c°
depending on the use of equation (3.1). The in coming short-wave radiation is expressed by
R’ (Im?d), which follows from measurements. The net long-wave radiation flux density
reads

4 4
Rl =4.90310° @(034—014%_a J(01+09N) (3.10)
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where N (-) is the relative sunshine duration, which can be measured or derived from
N =(RiS IR, —A)/ B. The Angstrom coefficients A (-) and B (-) follow from the latitude
position on earth 6 (deg) as A=04885-000520 and B =01563+000746. The

extraterrestrial radiation R, (J/m°d) reads
R, =37.5910° d (wsin¢sin 6 +cos$cosssinw) (3.11)

where ¢=67/180, d=1+0.033cos(27t/365), & =0.409sin(2xt/365-1.39), and
o =arccos(—tangtans).

The potential evapo-transpiration according to Penmann-Monteith equation (3.1) is used to
calculate the wet crop evaporation ET,, the dry soil evaporation ET, and the dry crop

transpiration ET,. In the example calculation (Figure 3.1) the wet crop evaporation follows
from imposing r°=0 and c"=0.23, which simulates a wet vegetation. The dry soil

evaporation follows from setting r° =0 and ¢" =0.15, which models evaporation from a soil
without vegetation. The dry crop transpiration follows from imposing r°=70s/m and

c" =0.23 for grass.

The net influx at the surface T, (m/s) and the net (negative) influx @, (m/s) in the root zone
follow from

q.=P-1-E, @ =T, (3.12)

where precipitation P (m/s) is measured directly. Interception evaporation from leaves |
(m/s) is given by | =(a,b,IP)/(al+b,P), where a, (cm/d) is an empirical factor, b, (-)
denotes the soil cover factor and | (-) expresses the leave area index. Potential evaporation

from the soil surface E; (m/s) follows from E = exp(—Kl) ET,. Potential transpiration in
the root zone T (m/s) reads T = (l—W ) ET,—E, where W (-) indicates the part of a day

over which the canopy is wet. This partition follows from W =1 / ET, restricted to W <1.

The presented agro-meteorological model calculates potential fluxes at the surface of the flow
domain that account for precipitation and evaporation, and fluxes in the root zone of the flow
domain that account for transpiration by grass covering the embankment. These fluxes are
imposed as boundary conditions into the groundwater flow model. This second model
computes the actual fluxes as both types of processes give rise to non-linear conditions;
overland flow might reduce the influx by precipitation and the canopy might not be able to
support the transpiration flux when the soil becomes very dry.

Figure 3.1 shows meteorological data for a period of two years, spanning from January 1%

2005 (day 365) up till December 31" 2006 (day 1095). Evapotranspiration was obtained
using a latitude of 52deg, an altitude of 10m, a crop resistance of grass 70s/m, a crop
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height of 12cm, a crop reflection coefficient 0.23, a leave area index of 3 a kappa factor of

0.563 and a soil reflection coefficient 0.15. Angstrom coefficients read A=0.25 and
B =0.50 . The results will be used in the flow model application and verification.
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Figure 3.1 Agro-meteorological condition.
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Slope stability

The stability factor F (-) compares the actual shear stress on a slip surface 7 (N/m?) to
the maximum shear stress 7, as F =7, /7. Coulomb gives an expression for the maximum

shear stress according to 7, =C+oc'tang, where ¢ (N/m?) expresses cohesion, o'

(N/m?) is the effective stress and ¢ (deg) denotes the friction angle. Terzaghi relates the
effective stress ¢’ of the soil skeleton to the total stress o (N/m?) of the soil and the pore

pressure p (N/m?) of the water phase as ¢’ =oc — p, where stresses and pressure are

positive for compression. This condition applies for saturated conditions only. Bishop
proposes a circular slip surface and sub-divides the slip circle in slices that are bounded by
vertical interfaces. Figure 4.1 shows a single slice bounded by vertical interfaces. As Bishop's
method considered a circular slip circle a =¢ the radius ' is constant. Here a modification

is proposed for which the radius in general is not constant and o # { . At the slip surface in
the slice center the total stress reads o =yh, where h (m) equals the height of the slice,
and the pore pressure is given by p=(¢—12)pg.

-
| »
| P
ey ¥
I ellet] /4&,_!
(BT
T B I // |
£ I
\\H ,/Ir/
B q\_r ____________
\-%.\i\. \\.
/ U . C
& T "'\" "'x,_\_‘
o,/ oo —¢

Figure 4.1 Modified slip circle approach.

Neglecting the horizontal inter-slice force, equilibrium of moments reads

D tbreos(a—¢)/cos¢ + ) owbrsin(a —¢)/cos¢ — ) yhbrsing =0 (4.1)

Here h (m) is the height of the slice, b (m) is the slice width, ¥ (N/m?®) is the volumetric
weight of the soil, and r (m) is the radius of the slip surface. This expression sums the

contributions of all slices. The first and second term specify the resistance R of the system if
the maximum shear strength is imposed, and the third term addresses the system load S .

The actual shear stress relates to the maximum shear stress according to

t=(c+o,tang)/F (4.2)
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Using this expression, equilibrium of moments provides the stability factor as

o sin(a=4) , cos(a — 4)
FZ{yhbrsma olor=—=" =27 -~ } Y (c+o,tang)br -y (4.3)

Bishop considers vertical equilibrium of the slices, and the normal stress reads
o, =yh-rtang - p (4.4

Combining equation (4.4) and equation (4.6) yields

o :;/h— p—ctan{ /F

(4.5)
l+tangptand / F

Inserting this expression into equation (4.5) gives a reduced system resistance according to

FZ yhbrsina—yh_ p—ctand /F brsm(oz—g)
l+tan tang/F cos¢&

(4.6)

ZC+ ;/h p tangob cos(a —¢&)
l+tand tangp/F cos¢&

A stability factor larger than one indicates a theoretically safe situation. In practice a larger
stability factor is required.
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Model application

The numerical aquifer-aquitard model was presented in this report by equations (2.6) and
(2.7). This Dupuit approximation simulates saturated groundwater flow and provides a
simplified solution for Richard's equation, which follows directly from equations (2.1) and
(2.2). The Richards equation simulates groundwater flow through partly saturated flow
domains and can be solved by using finite element techniques. In this chapter a verification
test compares the results of the Dupuit model implemented in Dam-Flow [6], to the Richards
model implemented in Ams-Flow [7]. The proposed verification test was shown already by
Figure 2.1 and considers a well instrumented peat dike 'Middelburgse kade' [4].

Figure 5.1 Peat dike Middelburgse kade

Figure 5.2 shows the finite element mesh that was used for discretizing the Richards problem.

time 0 d
5m
e [ s SN SN ' i
10 m -| [T S - \PAZAN 7 Nz NN NNV NN
15m T \ T \ T T \
20 m -10m Om 10m 20m 30m 40 m 50 m

Figure 5.2 Finite element mesh.

In addition to the verification test the simplified model will be used to asses the impact of
climate change for this specific dike. The proposed methodology however, will be applicable
for the quantification of climate effects for embankments in general.
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The peat dike is modeled with three clusters; the top zone at the (left) canal side with a height
of 50cm, the root zone at the polder side of equal height and the core of the dike. The

Dupuit model sets the effective permeability of the top layers to 0.5m/d and the effective
permeability of the core to 0.3m/d. Both values followed from calibration. For all materials

the effective porosity was set to 0.15 in order to fit the calculated heads to the measured
heads. The cover layer consists of clay and peat formations. A sequence of hydraulic
conductivities applies to the cover layer; 0.5m/d, 0.003m/d, 0.5m/d and 0.5m/d from top

to bottom. The permeability of the aquifer was set to 2.0m/d. For all materials the

compressibility of the soil was set to 10> m?/KN which provides a small damping within the

geo-hydrological system. Groundwater head measurements are obtained in four observation
points.

The Richards model applies a hydraulic conductivity of 0.086 m/d in the saturated zone of

the peat dike. Relative permeability curves scale the hydraulic conductivity in the unsaturated
zone as a function of water content or saturation. Here Van Genuchten material relations for
saturation and relative permeability are imposed. The first relation states a functional
expression for saturation on pore pressure as

gn “Om H
} it v<y,
: for w2y,

S, +(S, —Sr)[1+|gaz//
S

S = (5.1

where w (M) denotes the pressure head given by = p*/ p“g and v, (M) express the
air-entry pressure head, which is constrained by y, <0. The minimum degree of saturation
is denoted by S, (-) and the maximum degree of saturation by S, (-). The Van Genuchten
relation contains two empirical shape factors that have to be measured in the laboratory: ¢,
(-)\, and g, (1/m). For convenience a third shape factor (Mualem assumption) was
introduced as g,, =(9,-1)/4g, (-).The relative permeability is expressed by k. (-) and its
value lies within the range 0 <k, <1. The expression proposed by Mualem-Van Genuchten
states an empirical relationship for the relative permeability on saturation as

2
k. =(S,)" [1—(1— S, Yom )g} S, = S5, (5.2)

The empirical shape factor g, (-) is often set to 0.5. Tabel 5.1 gathers the imposed

unsaturated material behavior for the Richards model for the clusters in the peat dike. The top
zone at the canal side (1), the root zone at the polder side (2) and the core of the dike (3).
Figure 5.3 presents the unsaturated material behavior graphically.
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Figure 5.3 Unsaturated material behaviour.

Table 5.1 Unsaturated material parameters.
peat ns, ns, g, 1/m g, g,
1 0.75 0.00 8.85 1.14 -1.88
2 0.67 0.00 0.90 1.45 0.55
3 0.75 0.00 0.67 1.14 -1.88

Both groundwater flow model have been applied to the case ‘Middelburgse kade’
successfully. Figure 5.4 shows hydraulic heads in monitoring points (1, 2, 3 and 4 in Figures
5.5 and 5.6 and compares the results obtained by Dupuit finite volume model (fvm)

calculations to reference Richards finite element model (fem) computation results.
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— fem calculation — fvm calculation

Figure 5.4 Hydraulic heads monitoring points.

The finite element mesh used to discretize the Richards' equation included 1526 nodes and
3308 linear elements. A single groundwater flow simulation with 11,000 time steps of 0.1 day
took about 2.2 hours on a Intel core2 quad Q6600 2.40 GHz processor. The finite volume
mesh was constructed out of three lines of 50 cells each, for which effective parameters were
calculated in a preprocessing phase. At the end of a time step groundwater pressures were
computed at the nodes of eight lines that correspond to the soil layers in the model using the
real material behavior. A simulation over 1,100 time steps of 1.0 day took about 44 seconds
on the same computer. The main reason for the large reduction in computational time is due
to the linearization of the unsaturated flow process.

Figure 5.5 depicts the pressure field for a winter situation calculated by the Richards based
model and the phreatic surface that follows from Dupuit computations.

time 700 d

5m A AV A AN A A A A
-10m
-15m T T T T T T T
-20m -10m om 10m 20 m 30m 40 m 50 m
0.0E+00 Pa Mmoo 1.0E+05 Pa
1.65m time 700 d
P, )
= Peel
-14.20 m

1
-18.80 m 51.40m

[ dike [] cover [] aquifer
Figure 5.5 Pressure field winter situation (1 December 2005).

Figure 5.6 compares the results for a summer situation. A maximum variation in the position
of the water table of one meter was found.
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Figure 5.6 Pressure field summer situation (19 July 2006).

The results demonstrate a good ability of the Dupuit approximation to simulate groundwater
pressure fields. Using Richard's approximation it was found that anisotropy in the permeability
tensor due to horizontal layering of peat is very important. The horizontal component of the
permeability tensor in the unstructured zone is about ten times its vertical component. This
observation justifies the use of the Dupuit approximation for simulating flow through the
saturated zone of a peat dike. If preferential flow is taken into account by scaling the
permeability then the permeability tensor in the structured zone has a vertical component
more than ten times higher than the horizontal component. This generates a dominating
vertical inflow through the partly saturated zone, which is captured by the proposed boundary
condition that closes the flow problem in the Dupuit model.
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Figure 5.7 Hydraulic heads monitoring points.

Although both groundwater flow models produce results that compare well, it was hard to
reproduce observed groundwater heads in monitoring points exactly. A large set of calibration
calculations was constructed by which the sensitivity of the output signals for material
parameter variations was observed. The position of the monitoring points however showed to
be the most sensitive parameter and a better match was found if all the observations were
moved 2 meters to the left of their original position. Figure 5.7 compares measured and
calculated hydraulic heads in monitoring points in their altered positions.

In general the stability of the dike decreases when its weight becomes less and uplift
conditions apply. For peat dikes the weight decrease strongly depends on the amount of
water that leaves the system by evaporation. Figure 5.8 shows the stability response over the
interval under observation and compares the results of the Bishop model with the modified
Bishop model, which was presented in chapter 4.
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Figure 5.8 Stability response over the measurement interval.

The figures point out a stable situation throughout the simulation period as the stability factor
is well above 1.0. The stability factor decreases in the second wet period (around day 730
compare Figure 5.8 for which a shallow slip circle was found. Bishop stability compares well
with modified Bishop stability because uplift conditions did not occur and no slip surfaces
composed out of circle segments and material interface lines dominated simple circular slip
surfaces. A tipping point analysis revealed that an increase of the evapo-transpiration by a
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factor two leads to failure (stability factor of 1.1) of the peat dike. Figure 5.9 presents the
stability response for the evapo-transpiration tipping point analysis.
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Figure 5.9 Stability response evapotranspiration tipping point.

The stability factor decreases just after the first dry period and continued to decrease after the
second dry period. For these situations, a deep slip circle was found. Bishop stability deviates
from modified Bishop stability because uplift conditions occur and composed slip surfaces
dominate simple circular slip surfaces.
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Conclusions

The proposed procedure for climate change impact assessment of embankments follows
from a dynamic system simulation. Time dependent hydraulic constraints and meteorological
conditions provide input signals for the system. The Penmann-Monteith expression generates
agro-meteorological boundary conditions for the Dupuit model, which simulates groundwater
flow. A modified Bishop expression assesses geo-mechanical stability. Observation wells
monitor the geo-hydrologic system behavior and provide data for model calibration. The
stability factor response gives a geo-mechanical output signal of the dike system.

The main reason for using the Dupuit model instead of the Richards model stems from the
fact that the unsaturated material behaviour is often insufficiently known so more advanced
calculations can not be supported. Next to this the flow process through the unsaturated zone
is very complex due to highly varying meteorological conditions and heterogeneous soil
behavior. The proposed model incorporates effective porosity and effective permeability in the
unsaturated zone, which can theoretically be based on homogenization of pF-curves.
Effective parameters can also be found by a calibration procedure. The effective parameters
are found more easily than model parameters that support the pF-curves. The simplified
model gives more robust results and is computationally highly efficient.

The groundwater flow model has been applied to the case ‘Middelburgse kade’ successfully,
although it was hard to obtain observed groundwater heads in monitoring points exactly.
Using Richard's model it was found that accounting for anisotropy in the permeability tensor
due to horizontal layering of peat is very important. The horizontal component of the
permeability tensor in the unstructured zone is about ten times its vertical component. This
observation justifies the use of the Dupuit approximation for simulating flow through saturated
zone of a peat dike. If preferential flow is taken into account by scaling the permeability then
the permeability tensor in the structured zone has a vertical component more than ten times
the horizontal component. This generates a dominating vertical inflow through the partly
saturated zone, which is captured by the proposed boundary condition that closes the Dupuit
model.

The water pressure field in a section of the dike under observation was calculated over a
period of two years. A maximum variation in the position of the water table of one meter was
found. A tipping point analysis revealed that an increase of the evapotranspiration by a factor
two leads to failure of the peat dike.

To obtain a better understanding in water table conditions of peat dikes under drying and
wetting conditions, it is recommended to apply the model to the ‘Stowa’ series of well
monitored dikes [4] (Appendix 1). Remote sensing techniques supported by inverse modeling
could provide information on the effective porosity and permeability used in the Dupuit model.
Real time predictions for the stability of large sections of peat dikes can then be made
available and imposing climate scenario's will give a prediction of the impact of climate
change for these embankments. Laboratory tests on peat columns support the theoretical
basis of the model assumptions; effective parameters can be measured for porosity and
permeability and a bulk relation between volumetric change and moisture ratio can be
derived. Advanced single-phase (water flow) and multi-phase (water-air flow) calculation will
support the findings.
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Notations

a storage term (-)

a, empirical factor (cm/d)

A Angstrom coefficient (-)

b slice width (m)

b, soil cover factor (-)

B Angstrom coefficient (-)

c hydraulic resistance (S)

c cohesion (N/m?)

c? specific heat capacity (J/kgK)
c’ crop reflection coefficient (-)
c' reflection coefficient (-)

c’ soil reflection coefficient (-)

C, consolidation coefficient (m?*/s)
d aquitard thickness (m)

D aquifer thickness (m)

e void ratio (-)

et actual vapor pressure (kPa)
el saturated vapor pressure (kPa)
E, potential evaporation (m/s)
ET  evapo-transpiration (m/d)

F stability factor (-)

g, gravitational acceleration (m/s?)
d. Van Genuchten factor (1/m)
g, Van Genuchten factor (-)

d Mualem's factor (-)

g, Van Genuchten factor (-)

G soil heat flux (J/m*d)

h canopy height (cm)

I interception evaporation (m/s)
k permeability (m/s)

K, relative permeability (-)

kD  transmissivity (m?*/s)

K. hydraulic conductivity (m/s)

leave area index (-)
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n porosity (-)

n, effective porosity (-)

n, outward pointing normal (-)

N relative sunshine duration (-)
P pore pressure (N/m?)

p? atmospheric pressure (kPa)
P precipitation (m/s)

q source term (1/s)

q; specific discharge (m/s)

qa root zone influx (mM/s)

q, surface influx (m/s)

Q discrete influx (m?/s)

r slip circle radius (m)

ré aerodynamic resistance (s/m)
re crop resistance (s/m)

R, extraterrestrial radiation (J/m?*d)
R, resistance force (N)

R’  short-wave radiation (J/m?d)
R,  netradiation (J/m*d)

Rl netlong-wave radiation (J/m*d)
R?  netshort-wave radiation (J/m?d)
S saturation (-)

S loading force (N)

S, minimal saturation (-)

S, maximum saturation (-)

t time (S)

T average temperature (C)

T, potential transpiration (M/s)
T,x maximum temperature (C)
Toin ~ Minimum temperature (C)

u average wind speed (m/s)

u”  wind velocity (m/s)

v bulk volume (m?)

A pore volume (m?)

V, solid phase volume (m?)

V,  watervolume (m®)

w moisture ratio (-)
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W wet day part (-)

X; Cartesian coordinate (M)

z elevation level (M)

z, measurement position (cm)
z elevation level (cm)

soil compressibility (m?*/N)

R R

)

unit conversion (s/d)
water compressibility (m?*/N)
soil unit weight (N/m?)

Ry

QD

psychometric constant (kPa/K)

domain boundary (m")
latitude (deg)

intrinsic permeability (m?)

4

PO RS B

Lam\a'{e} constants (N/m?)

~
=

latent vaporization heat (J/kg)
dynamic viscosity (kgm/s?)
Lam\a'{e} constant (N/m?)
vapor pressure slope (kPa/K)
artificial head (m)

AR

-~

connectivity (1/s)
fluid density (kg/m®)
air density (kg/m?®)
water density (kg/m?®)

AN

=

effective stress (N/m?)
total stress (N/m?)
shear stress (N/m?)

T Q 9 D T T

maximum shear stress (N/m?)
hydraulic head (m)
friction angle (deg)
pressure head (m)

N

N < S S

domain (m?)
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Appendix 1 Peat dike series

This appendix presents the ‘Stowa’ series of well monitored dikes [4]. This research program
aimed to develop a better understanding in the variation of water table conditions of peat
dikes under drying and wetting conditions by monitoring the geo-hydrological behavior of four
peat dikes: Middelburgse kade, Brermweg, Kleine Geer and Vierhuis.
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Figure 0.1 Soil types
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Appendix 1.1 Middelburgse kade

Figure 0.2 Soil profile Middelburgse kade.
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Figure 0.3 Groundwater head observation points.
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Figure 0.4 Observed groundwater heads Middelburgse kade.
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Appendix 1.2 Bermweg
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Figure 0.5 Soil profile Bermweg.
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Figure 0.6 Groundwater head observation points Bernweg.
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Figure 0.7 Observed groundwater heads Bermweg.
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Appendix 1.3 Kleine Geer
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Figure 0.8 Soil profile Kleine Geer.
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Figure 0.9 Groundwater head observation points Kleine Geer.
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Figure 0.10 Observed groundwater heads Kleine Geer.
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Appendix 1.4 Vierhuis
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Figure 0.11 Soil profile Vierhuis.
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Figure 0.12 Groundwater head observation points Vierhuis.
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Figure 0.13 Observed groundwater heads Vierhuis.
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