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Climate change adaptation of Elbe River flood embankments via suction-1 

based design  2 

3 

Abstract 4 

Flood embankments are generally designed by assuming steady-state flow conditions and dry 5 

soil above the phreatic surface. However, steady-state conditions are rarely achieved and a 6 

significant portion of the embankment remains unsaturated upon a flood event. If transient water 7 

flow and partial saturation are considered, the flood embankment can be designed with steeper 8 

slopes on the landside, which may lead to significant savings in terms of earthfill material (i.e. 9 

embodied carbon) and footprint (i.e. habitat suppression and expropriation costs). This paper 10 

examines the case of flood embankments in the tidal area of the Elbe River in Germany. These 11 

embankments require to be retrofitted by raising their crest from 5m to 7m because of the new 12 

projection of extreme river levels due to climate change. In this paper, the conventional 13 

‘prescriptive’ design consisting of raising the embankment by maintaining the 1:3 inclination of 14 

the landside slope is compared with the ‘performance-based’ design where the inclination of the 15 

slope on the landside could be potentially increased up to 1:1, which is shown to be sustainable 16 

if partial saturation and transient water flow are considered. Raising the flood embankment with 17 

1:1 landside slope (rather than 1:3) could lead to expropriation cost savings of the order of 18 

€3.9M/km. For the case of a newly built embankment of 7 m height, the saving would become 19 

€4.5M/km. An approximate estimation of embodied carbon suggests that the carbon saving 20 

would be of the order of 3,100-4,200tCO2e/km. 21 

Climate change adaptation of Elbe River flood embankments via suction-based design 



3 

Introduction 22 

The increase of extreme weather events is a well-established trend observed as a consequence 23 

of climate change. In the North Sea, storm surges are anticipated to increase in both intensity 24 

and duration (Barnard et al. 2019) and there is therefore a need to protect communities from the 25 

increased flood hazard. 26 

Earthen structures such as flood embankments are the main asset to manage and mitigate 27 

flood risk. Increased extreme sea levels require upgrading flood embankments by raising their 28 

crest. Retrofitting measures should be designed to maximise social (reduced flood risk hazard) 29 

and economic (lowering costs of flood protection maintenance) benefits and minimise 30 

environmental impact due to habitat suppression and carbon emissions (Defra 2002; Spencer 31 

and Harvey 2012; Committee on Climate Change 2013; Spalding et al. 2014).  32 

If the flood embankments are raised with the same prescribed inclination of the landside 33 

slope (e.g. 1:3 in the Elbe River area in Germany), the footprint of the upgraded flood 34 

embankment would increase significantly posing two major problems. Existing earthen 35 

structures are often adjacent to the built environment and there is either no space available to 36 

increase the embankment footprint or this is associated with high land expropriation costs. At 37 

the same time, environmental legislation such as the European Birds and Habitats Directives 38 

(Sundseth, 2012) imposes constraints to prevent the loss and degradation of coastal habitats and 39 

associated biota. The increase in flood embankment footprint associated with the increase of its 40 

crest generates direct and indirect loss of habitat, which requires to be compensated elsewhere. 41 

The lesser the generation of footprint by the retrofitted flood embankment, the lower are the 42 

direct and indirect economic and environmental costs.  43 

This calls for new approaches to embankment design, i.e. raising crest level by limiting the 44 

increase in embankment footprint. This would also limit flood embankment embodied carbon. 45 
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Construction is one of the main sectors responsible for carbon emissions and geotechnical 46 

engineers are challenged to develop new design concepts for carbon-efficient geo-47 

infrastructures. Suction and partial saturation are commonly neglected in geotechnical design. 48 

However, suction is an extraordinary untapped natural ‘reinforcement’ and could significantly 49 

contribute to reduce economic and carbon costs of a geostructure if accounted for in 50 

geotechnical design.  51 

In this respect, it is worth highlighting that design of river, estuarine, and coastal flood 52 

embankments based on transient water flow is now being introduced in national 53 

recommendations including Germany (Committee for coastal protection works of the German 54 

Society for Earthworks and Foundation Engineering and the Society for Port Engineering, 55 

2020). This implicitly acknowledges the economic and environmental benefit of suction-based 56 

design. The importance of partial saturation and transient-state conditions for a realistic 57 

assessment of the existing safety conditions of flood embankments is also highlighted by 58 

Gragnano et al. (2021) who monitored a river embankment on the river Secchia (northern Italy) 59 

for 36 months. The importance of partial saturation in the analysis of the response of flood 60 

embankments is now widely acknowledged in the literature (Vahedifard et al. 2022; Ngo et al. 61 

2022; Zhang et al. 2021; Johari et al. 2019; Khalilzad et al. 2015).   62 

A critical aspect in suction-based design is that loss of suction due to rain-water and/or river-63 

water infiltration. However, Showkat et. al. (2022) showed that, if properly modelled, the 64 

suction-based design of earthen structures is feasible for practitioners that nowadays commonly 65 

use more advanced computational models. Another critical aspect of suction-based design is the 66 

reliable characterisation of the unsaturated soil hydraulic behaviour. For example, Bhaskar et 67 

al. (2022) observed that the saturated hydraulic conductivity was found to be 15 times lower 68 
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after the soil experienced a drying and wetting cycle. This highlights the importance of 69 

considering the effect of hysteresis on hydraulic.  70 

This paper aims at examining whether, and to what extent, the inclusion of soil suction and 71 

partial saturation in geotechnical design of flood embankments (including the analysis of water 72 

flow under transient conditions instead of the conventional steady-state approach) could reduce 73 

the flood embankment footprint and embodied carbon while keeping the performance of the 74 

flood embankment to the required geotechnical standard. The analysis is developed herein with 75 

reference to the design of the upgrade of Elbe River flood embankments in the Hamburg tidal 76 

area in Germany. However, similar concepts could be applied to the retrofitting of existing 77 

infrastructures that has to be raised in order to meet new design water levels in other countries. 78 

The Hamburg flood defence system 79 

Historical floods and upgrade of flood protection infrastructure 80 

Hamburg is located on the Elbe River in northern Germany with 270 km2 of its metropolitan 81 

area considered at risk of flooding (including 180k inhabitants and €10 billion worth of goods). 82 

The flood defence system extends over 260 km and consists of 130 km of earthen embankments. 83 

It is designed to prevent overflow of the Elbe River mainly associated with the storm surges in 84 

the North Sea.  85 

The two most catastrophic storm surge events in the 20th century occurred on 16-17 February 86 

1962 and 3 January 1976. The first event was characterised by a water level mark of +5.7 m 87 

above NN (NN stands for Normal-Null, i.e. standard elevation zero adopted in Germany until 88 

2000) and 80mm of rainfall in 24 h, which flooded 30% of the city and caused 315 fatalities. 89 

The second event devastated the harbour area with a water level mark of +6.45 m above NN 90 

(von Storch 2017).  91 

Climate change adaptation of Elbe River flood embankments via suction-based design 



6 

Since the 1976 event, the flood protection infrastructure has been upgraded repeatedly 92 

including a major investment of €660M in the period 1998-2015. The Hamburg city council has 93 

recently launched a programme to further raise flood defence embankments from 5.7 to 7m 94 

above landside ground level (7.7 to 9m above NN) to accommodate the increase extreme sea 95 

levels due to global warming (Vousdoukas et al., 2018). 96 

Embankment typical cross section and geological setting 97 

The typical cross section of the flood embankments in the Hamburg area consists of 1:3 slopes 98 

with a crest 3 m wide. The embankment core is generally constructed with locally sourced sand 99 

whereas the outer shell consists of an impermeable cover (clayey silt named ’Klei’) with 100 

thickness greater than 1.3m and 1.0m on the waterside and landside respectively. The slope 101 

becomes gentler at the toe on the river side (1:10 or 1:6) often armoured with stones to prevent 102 

erosion of the bank due to tidal fluctuations and waves.  103 

The Hamburg flood embankments are built on a Holocene sedimentary deposit. The upper 104 

soil layers are made of silty sand (qe-Elster glaciation) and/or klei (qh-Holocene) as shown in 105 

Figure 1. Three scenarios were considered to represent typical soil profiles under the flood 106 

embankments as illustrated in Figure 3, i) uniform silty sand layer (L0), ii) klei and peat layer 107 

overlying a layer of silty sand (L1), and iii) a sandwich of silty sand, klei and silty sand layers 108 

(L2).   109 

110 

Design storm surge 111 

The Hamburg Port Authority (HPA) has developed a technical framework to design adaptation 112 

measures for private flood protection in the Hamburg tidal region (HPA 2008). This includes 113 
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the adoption of standard design storm surges as shown in Figure 2. These two storm surges 114 

represent two different scenarios, that is relatively long duration of surge (50h) with moderate 115 

peak surge elevation (6 m above NN) and relatively short duration of surge (30h) with high 116 

peak surge elevation (7.3 m above NN). These two scenarios will be used as a basis for the 117 

analyses presented in this paper.  118 

Methodology 119 

The standard design of flood embankments based on steady state water flow and assuming zero-120 

pore water pressures above the phreatic surface was compared to the design based on transient 121 

water flow and assuming the soil to be unsaturated above the phreatic surface. To this end, 122 

numerical simulations were carried out to compare these two different design approaches. The 123 

soil was assumed to have a rigidly-perfectly plastic behaviour thus allowing uncoupling water 124 

flow analysis from slope stability analysis. The numerical analyses were intentionally kept 125 

simple to makes the analyse easily accessible to engineers.  126 

Flood embankment cross section 127 

The analyses were performed by considering the typical cross section with landside slope 1:3 128 

and increasing progressively up to 1:1 (Figure 3). The aim was to explore whether and to what 129 

extent the embankment can be designed with steeper slopes if unsaturated soil and transient flow 130 

are considered.  131 

Three different foundation scenarios (L0, L1, and L2) were considered as shown in Figure 3 132 

to be representative borehole logs shown in Figure 1. The embankments and their foundations 133 

are formed by three materials, a clayey silt referred to as ‘klei’, a sand, and a silty sand.  134 
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Materials 135 

The grain size distribution of materials forming the flood embankments and their foundations 136 

are shown in Figure 4 and were extracted from a database compiled the Hamburg Geological 137 

Survey (GLH, 2017).  138 

Water retention and hydraulic conductivity characterisation 139 

Standard geotechnical tests available for the Hamburg area have been carried out only on 140 

materials in the saturated state. A simple engineering approach was adopted to characterise the 141 

materials’ water retention behaviour.  The parameter that most characterises a water retention 142 

function is the air-entry suction because it varies by several orders of magnitude when moving 143 

from coarse-grained to fine grained materials. The air-entry suction is controlled by the larger 144 

pore-sizes in turn associated with the larger grain size as a first approximation. Tarantino and 145 

Di Donna (2019) have shown that the air-entry suction can be related to particle size 146 

corresponding to the 80% finer fraction, D80 (Figure 24 in Tarantino and Di Donna, 2019). 147 

Although such an empirical relationship was built on a relatively small dataset, its peculiarity is 148 

that it was developed by considering only undisturbed non-agricultural soils. The values of air-149 

entry suction sAEV derived from this empirical correlation based on the grain size distributions 150 

curves in Figure 4 are presented in Table 1.  151 

 152 

 153 

The 2-parameter van Genuchten soil water retention function shown in Eq. [1] (van Genuchten, 154 

1980) was adopted to model water retention behaviour.  155 
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𝜃𝑒 =
𝜃

𝜃𝑠
= [

1

1 + (𝛼𝑠)𝑛
]

𝑚

                    [𝑚 = 1 −
1

𝑛
] [1] 

where  is the volumetric water content, sat is the volumetric water content at saturation, e is 156 

the effective degree of saturation, and  and n are soil-dependent parameters. The parameter n 157 

was estimated using engineering judgement considering that n increases as the grain size 158 

uniformity coefficient decreases. Once n was fixed, the parameter  was determined to match 159 

the air-entry suction sAEV estimated empirically (Table 1Table 1). The resulting water retention 160 

functions are shown in Figure 5.  161 

The hydraulic conductivity k was characterised based on van Genuchten (1980): 162 

𝑘 = 𝑘𝑠𝑎𝑡 ∙ {√𝜃𝑒[1 − (1 − 𝜃𝑒
1/𝑚)𝑚]2} [2] 

where ksat is the saturated hydraulic conductivity derived from the database made available by 163 

the Hamburg Geological Survey (GLH, 2017) as shown in Table 1. 164 

 165 

Shear strength characterisation  166 

Shear strength parameters for the Sand and Silty Sand were derived from a table made available 167 

by the Hamburg Geological Survey (GLH, 2017) and are shown in Table 2. The values of the 168 

friction angle ’ and effective cohesion c’ for these two materials are in the range expected for 169 

the grain size distributions shown in Figure 4. On the other hand, the values of ’ and c’ for the 170 

klei were somehow contradictory. Significantly different values were reported for Consolidated 171 

Drained (CU) and Consolidated Undrained (CU) triaxial tests and a wide range of pairs of (’, 172 

c’) were provided (see Appendix 1). Two options were therefore considered. The data for the 173 

values of ’ and c’ reported by the Hamburg Geological Survey (GLH, 2017) for drained tests 174 
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where first correlated (as expected the friction angle ’ decreases as the effective cohesion c’ 175 

increases) and the average values were selected as shown in Table 2 as option 1 (see Appendix 176 

1). The available raw triaxial data were then examined and values ’=30 and c’=0 were selected 177 

as discussed Appendix 1 (shown in Table 2 as option 2). The two options allow considering the 178 

cases of zero and non-zero effective cohesion.  179 

Embankment crest and slopes are generally turfed, i.e. the uppermost layer of the 180 

embankment is reinforced by the root system. To take into account the mechanical effects of 181 

roots, to the uppermost klei layer of the embankment (200 mm) was assigned an effective 182 

cohesion of 4 kPa. This is in line with the values reported in the literature (De Baets, 2008; 183 

Comino, 2010, Baral et al., 2019).  184 

 185 

 186 

Water-flow model 187 

The Software GEOSTUDIO 2019 was used for the analyses. It includes the module SEEP/W to 188 

compute the pore-water pressure and the module SLOPE/W to perform the stability analysis 189 

using the simplified Bishop method of slices (GeoSlope 2019) 190 

Governing equation  191 

The governing equation (Lu and Likos 2004, Eq. S1 in Supplemental Materials) was solved 192 

numerically using the FEM code SEEP/W. It was assumed that the soil skeleton is rigid and, 193 

hence, the hydraulic flow is uncoupled from the mechanical deformation (i.e. the volumetric 194 

water content  only depends on the pore water pressure uw). A coupled hydro-mechanical 195 

model would have added unnecessary complexity considering that the water retention behaviour 196 
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and the relative hydraulic conductivity thereof were estimated using informed engineering 197 

judgement.  198 

Hydraulic initial and boundary conditions 199 

The initial condition for the transient analysis was generated via a steady-state seepage analysis 200 

with hydraulic head on the river side set to 0 m NN. The hydraulic boundary conditions were 201 

assigned as follows (see also Figure S2 in Supplemental Materials):  202 

1)  Constant hydraulic head assigned to the vertical boundary on the landside to simulate far-203 

field ground water table (0 m NN corresponding to 2m below the ground surface). The 204 

distance of the landside vertical boundary from the toe of the embankment was set to 52-205 

67m depending on the embankment landside slope considered. The extension of the flow 206 

domain was wide enough to not affect the pore-water pressure distribution up to 10 m from 207 

the toe of the embankment.  208 

2) Bottom boundary modelled as impermeable.  209 

3) Crest of the embankment, landside slope and landside ground surface were modelled as 210 

potential seepage faces, i.e. water flux is imposed equal to zero as long as the pore-water 211 

pressures remains negative (uw<0), otherwise pore-water pressure is set equal to zero (Figure 212 

S2).   213 

4) Transient water flow - Boundary condition on the water side was designed as shown in 214 

Figure 6. The river water level was allowed to fluctuate for 1 year to simulate the normal 215 

tide regime with the water level oscillating between the lower tide water level (MLT=-1.90m 216 

NN) and the high tide water level (MHT=+2.42m NN). This was followed by the storm 217 

surge over a period of 100h.  Two different patterns were considered for the storm surge as 218 

shown in Figure 6 according to the standard design storm surges developed by Hamburg 219 
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Port Authority (Figure 2) with water level peaks of 6m NN (A) and 7.3m NN (B) 220 

respectively.  221 

5) Steady state flow - Water level was set equal to the peak of the two patterns considered for 222 

transient state, i.e. 6m NN and 7.3m NN respectively (Figure 2.).  223 

Additional considerations  224 

The mesh density in the regions where higher gradients develop was optimised (Figure S3) and 225 

constant time step of 30 min was used for both the ~1-year tide record (12,774 time steps) and 226 

the 100h storm surge. 227 

The transient water flow analyses neglect the effect of transpiration and evapotranspiration at 228 

the embankment surface. These generate higher suction and neglecting these effects leads to a 229 

conservative estimation of the factor of safety of the slope.  230 

Stability analysis model 231 

The stability analysis was carried out using Bishop’s simplified method (Bishop, 1955). The 232 

iterative procedure to calculate the Factor of Safety (FoS) , was completed with the module 233 

SLOPE/W. The pore-water pressures derived from the water flow analysis (either steady-state 234 

or transient-state flow) were used to calculate the shear strength and, hence, the FoS. For the 235 

transient state analysis, the pore-water pressure and, hence, the FoS, varies with time. The FoS 236 

is taken as the minimum value over the duration of the storm surge event. The Bishop method 237 

is corrected in SLOPE/W, i.e. the critical slip surface is initially assumed to be circular and then 238 

refined with the optimisation algorithm based on the segmental technique.  239 

The equation proposed by Vanapalli, et al. (1996) was used to account for the effect of suction 240 

on shear strength (Eq. S2 in Supplemental Materials). The residual volumetric water content in 241 
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Eq. S2 was set to zero, which is appropriate for sandy and silty materials and materials with low 242 

content of clay as discussed by Tarantino & El Mountassir (2013). 243 

Results & Discussion 244 

Conventional versus suction-based design 245 

The numerical analyses were aimed at comparing ‘prescriptive’ design based on steady-state 246 

water flow in saturated/dry embankment with ‘performance-based’ design based on transient-247 

state water flow in unsaturated embankment:  248 

 SS-Ns (Steady-State – No suction). Steady state water flow analysis assuming saturated 249 

condition below the phreatic surface and a virtually dry soil above the phreatic surface; shear 250 

strength criterion formulated assuming zero pore-water pressure above the phreatic surface.   251 

 TR-s (Transient-state –suction). Transient state water flow analysis assuming unsaturated 252 

conditions above the phreatic surface; shear strength criterion accounting for partial 253 

saturation (Eq. [S2]).  254 

To investigate whether and to what extent the inclination of the landside slope can be increased 255 

to raise the embankment while minimising its footprint, the FoS of the embankment was 256 

assessed for landside slopes varying from a 1:3 up to 1:1 ratio (Table 3). The factor of safety is 257 

expressed via the Overdesign Factor (ODF) according to the Eurocode 7: 258 

𝑂𝐷𝐹 =
𝑅𝑑

𝐸𝑑
 [1] 

where Ed is the design effect of actions and Rd is the corresponding design resistance. For the 259 

case of flood embankments, and ODF equal to unity is associated with partial factors for 260 

shearing resistance γ’ and effective cohesion γc’ equal to 1.25.  261 
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 For each embankment geometry, the FoS was then calculated considering: 262 

a) two types of analysis illustrated above (SS-Ns and TS-s) 263 

b) three different foundations scenarios as shown in Figure 3 (L0, L1, and L2) 264 

c) two hydraulic loading patterns as shown in Figure 6 (A and B)  265 

d) two options for the shearing resistance ’ and effective cohesion c’ of the Klei layer as per 266 

Table 2 267 

Homogenous silty sand foundation (foundation scenario L0) 268 

As an example, the results for the case of storm surge at 6m NN and landside slopes 1:3 and 269 

1:1.25 are shown Figure 7. The conventional analysis based on steady-state water flow and 270 

saturated/dry approach is shown in Figure 7a, b for the cases c’=0 and c’0 respectively.  271 

For the case c’=0, the failure surface develops through the Klei cover, fully or partially below 272 

the phreatic surface due to the high pore-water pressures developing at the toe whereas the 273 

failure surface tends to deepen into the sand core for case c’0 as one would expect. Under the 274 

assumption of steady-state flow and ‘dry’ soil above the phreatic surface, the landside slope 1:3 275 

is not stable for c’=0 and an effective cohesion greater than zero is required for the Klei to make 276 

the landside slope stable. It is difficult to say whether the non-zero effective cohesion is a 277 

genuine mechanical property of the Klei or the effective cohesion is null (as the triaxial data 278 

shown in Appendix 1 seem to suggest) and c’0 is actually a ‘design’ value that takes into 279 

account implicitly the effect of suction effects. For avoidance of doubt, the numerical analyses 280 

are performed in parallel by considering either c’=0 or case c’0.  281 

Within the conventional design approach, the landside slope is not stable when inclined 1:1.25 282 

even if c’0 and the slope 1:1.25 would therefore not be allowed. 283 
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Figure 7c, d present the ODF for the case where water flow is modelled in the transient 284 

regime and the soil is assumed to be partially saturated. The phreatic surface remains well below 285 

the landside toe and the ODF increases substantially. For the 1:3 slope, the ODF increases from 286 

0.61 to 2.22 for c’=0 and from 1.28 to 2.23 for c’0. The contribution of suction to shear strength 287 

makes the slope 1:1.25 stable even if c’=0.  288 

 289 

The results presented in Figure 7 refer to storm surge pattern A (Figure 6) and the extreme 290 

landside slopes 1:3 and 1:1.25. Stability analyses were also carried out for the surge pattern B 291 

(Figure 6). Figure 8 summarises the variation of the ODF with the inclination of the landside 292 

slopes for the two design approaches (SS-Ns for steady state flow with no suction effects and 293 

TR-s for transient flow with suction effects) and the two design storm surges. The increase in 294 

peak river level (from 6m NN to 7.3m NN) produces a significant effect on the ODF if the water 295 

flow regime is analysed under steady-state conditions. For the case of storm surge 7.3 NN, the 296 

gentlest slope 1:3 is unstable even if c’ 0 is considered (Figure 8b). 297 

For the case of transient flow with suction effects, the ODF remains is greater than unity and 298 

approaches unity for a landside slope angle of 45 (1:1). This inclination could also be 299 

considered a practical limit dictated by other constraints (e.g. grass mowing or other slope 300 

maintenance interventions). The increase in peak river level (from 6m NN to 7.3m NN) does 301 

not produce significant effect on the ODF if the water flow regime is analysed under transient 302 

state conditions. This is because the water front propagating from the waterside slope hardly 303 

penetrates the embankment regardless of the peak water level.  304 

 305 
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Clayey foundation (foundation scenario L1) 306 

The upper portion of the Holocene deposit in the Hamburg harbour area, which forms the 307 

foundation of the Elbe river flood embankments, is made of alternate layers of klei and silty 308 

sand (Figure 3). The previous section has analysed the scenario of uniform foundation deposit 309 

made of silty sand. This section focuses on the case of a klei layer overlaying a silty sand layer 310 

(scenario L1 in Figure 3). The presence of a layer beneath the embankment characterised by a 311 

low hydraulic conductivity is expected to dampen down water flow underneath the flood 312 

embankment and concentrate water flow through the embankment. This scenario can potentially 313 

modify the pore-water pressure regime within the embankment and was therefore considered 314 

worth exploring.   315 

Figure 9 shows the variation of the ODF with the inclination of the landside slopes for the 316 

two design approaches (SS-Ns for steady state flow with no suction effects and TR-s for 317 

transient flow with suction effects). For comparison, the results from the scenario L0 are 318 

reported with grey shaded symbols. For the steady-state flow analysis, the ODF reduces with 319 

respect to the foundation scenario L0 and becomes lower than unity for the storm surge 7.3 m 320 

NN even for the gentlest slope 1:3 and c’0 (Figure 9b). The presence of an impermeable 321 

foundation layer forces the water to flow through the embankment only and this raises the 322 

phreatic surfaces and the pore-water pressures at the landside toe of the embankment.  323 

On the other hand, the ODF derived from the transient state analyses (TR-s) for the 324 

foundation scenario L1 is very similar to the one derived for the scenario L0. A closer inspection 325 

of the ODF curves reveals that the L1 curve lies slightly below the L0 curve for the milder slopes 326 

(18.4 and 21.8). This is due to the fact that the phreatic surface in the L1 scenario is slightly 327 

higher and that the failure surface partially develops below the phreatic surface. On the other 328 

hand, the failure surface develops above the phreatic surface for the steeper slopes, in the region 329 
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where the pore water pressure regime is only slightly affected by the change in hydraulic 330 

conductivity of the foundation, hence the ODF remains essentially the same. 331 

 332 

Confined silty sand foundation (foundation scenario L2) 333 

This section examines the case of silty sand layer confined by an underlying Klei layer (scenario 334 

L2 in Figure 3). The presence of a confined silty sand layer beneath the embankment is expected 335 

to promote uplift pressures at the downstream toe of the embankment.   336 

Figure 10 shows the variation of the FoS with the inclination of the landside slopes for the 337 

two design approaches. For comparison, the results from the scenario L0 are reported with grey 338 

shaded symbols. It can be observed that there is essentially no difference between these two 339 

foundation scenarios.   340 

 341 

Sensitivity analysis: effect of the hydraulic conductivity of the klei cover  342 

The high ODF derived for the case where pore-water pressures are derived from transient water 343 

flow in partially saturated embankment (Figure 8, Figure 9, and Figure 10. Effect of inclination 344 

of landside slope on Overdesign Factor for the confined silty sand foundation (scenario L1). (a) 345 

6m NN – Pattern A (b) 7.3 m NN – Pattern B (SS-Ns= steady-state flow with no suction effects; 346 

TR-s= steady-state flow with suction effects, open symbols  c’=0 and  solid symbols c’0)) 347 

is associated with the low hydraulic conductivity of the Klei layer that hampers the propagation 348 

of the water front from the waterside slope (Figure 7).  349 

The most critical soil parameter underpinning the ‘performance-based’ design of the 350 

Hamburg area flood embankments is therefore the hydraulic conductivity of the Klei. A 351 
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sensitivity analysis was carried out to assess the influence of this parameter in the factor of 352 

safety of the flood embankment considering the variability the saturated hydraulic conductivity 353 

generally encountered in the field. The saturated hydraulic conductivity of the Klei cover was 354 

therefore increased from ksat=10-8 m/s to ksat=10-6 m/s.  355 

The results from these analyses are presented in Figure 11 and show that even an increase in 356 

hydraulic conductivity of the Klei cover by two orders of magnitude does not decrease the ODF 357 

significantly when the stability is analysed by considering transient water flow and partial 358 

saturation. This is because the contrast between the hydraulic conductivities of the quasi-359 

saturated Klei and the partially saturated sand core remains still remains relatively high. Under 360 

the condition of Klei cover having hydraulic conductivity two orders of magnitude lower than 361 

the design value, the maximum landside slope is 40.  362 

Sensitivity analysis: Rainfall effects  363 

The high factor of safety resulting from the performance-based design is in part associated with 364 

the transient nature of the water flow through the flood embankment and in part associated with 365 

the increase in shear strength generated by the suction along the potential failure surface. A 366 

critical step in suction-based design is the evaluation of the effect of rainfall on the potential 367 

loss in suction and, hence, shear strength. For this reason, the factor of safety for the foundation 368 

scenario L0 was assessed assuming that i) a rainfall occurs at the same time and for the same 369 

duration as the storm surge and ii) an antecedent rainfall of 30 days occurs before the storm 370 

surge.   371 

Figure 12 reports the precipitation statistics of rainfall events in Hamburg over the 372 

observation period 1997-2014 (17 years). The red dotted curve shows the maximum cumulated 373 

rainfall recorded over a duration given by the ‘aggregation time’. For example, a cumulative 374 
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rainfall of 97 mm is associated with an aggregation time of 100h. This means that the maximum 375 

cumulated rainfall recorded over a time window of 100h over the 17 year-period is equal to 97 376 

mm. The blue dotted curve represents the same cumulative rainfall versus aggregation time 377 

associated with a return period of 100 years (99 percentile).  378 

Two rainfall events were considered. The first consists of 97 mm over 100h, consistent with 379 

the maximum cumulative rainfall recorded over the aggregation time of 100h in the 17 year-380 

period (Figure 12) and occurring at the same time as the storm surge (see Figure 6). The second 381 

event consists of 261 mm over 30 days, it initiates before the storm surge and ends when the 382 

storm surge ends. These two rainfall events are ‘extreme’ in the sense that they are associated 383 

with a return period >100 years. 384 

Figure 13 shows the ODF for the foundation scenario L0 and storm surge pattern 7.3m NN 385 

for the cases of rainfalls of 97mm/100h and 261 mm/30d. The ODF is compared with the ODF 386 

in the absence of rainfall (shaded gray triangles).  The ODF decreases but only marginally for 387 

both rainfall events. The reason why the rainfall events do not cause a significant drop in suction 388 

is that most of the rainfall tends to run off once pore water pressure increases up to zero at the 389 

boundary. Under the condition of concomitant or antecedent rainfall, the maximum landside 390 

slope is 43. 391 

Economic and environmental implications of prescriptive and performance-392 

based design  393 

Land expropriation  394 

Figure 14a shows the case where the flood embankment is raised from 5m to 7m without 395 

changing its footprint. This would result in a landside slope 1:1.3 (37) that would still allow 396 
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for a ODF greater than 1 if the embankment is designed by assuming transient water flow and 397 

partial saturation (Figure 8 to Figure 11, Figure 13). Compared with the prescriptive design 398 

where the landside slope is maintained 1:3, this would allow for a footprint saving of 12 m2 per 399 

linear meter of embankment and volume saving of 42 m3 per linear meter of embankment. If a 400 

new embankment must be built with a landside slope 1:1.2 (40), the footprint saving would be 401 

13 m2 per linear meter of embankment and volume 45.5 m3 per linear meter of embankment 402 

(Figure 14b).  403 

A survey of land values on real estate market in Hamburg reveals that, at the time of writing, 404 

the price of land with building permits is around €250-400/m2 in the harbour area and 405 

Wilhelmsburg island on the south side of the river Elbe (LBS, 2020). Assuming an average price 406 

of land of €325/m2, the saving of expropriation cost moving from the prescriptive design (SS-407 

Ns) to the performance-based design (TR-s) would therefore be €3.9M/km for the flood 408 

embankment retrofit and €4.5M/km for a new embankment.  409 

Habitat suppression 410 

The retrofit of the flood embankment using the performance-based design (Figure 14a) could 411 

be achieved with no habitat suppression compared to the prescriptive design that would cost at 412 

least 1.2 ha per linear km of compensatory habitat to be restored somewhere else. It should be 413 

noted that habitat compensation need to take into account not only direct loss due to the portion 414 

of land covered by the upgraded flood embankment but also indirect losses due to the time 415 

required to restore the ecological function of the adjacent habitat that will be damaged during 416 

the construction period (Esteves and Thomas, 2014). 417 

If a new flood embankment must be built, the habitat to be compensated for the case of the 418 

performance-based designed flood embankment would be limited to 3.1ha per linear km 419 
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compared to the traditional prescriptive-based design that would require 3.8ha per linear 420 

kilometre of compensatory habitat.  421 

Embodied carbon savings 422 

A full Life Cycle Analysis (LCA) should be developed (Glass 2013) for an accurate 423 

quantification of the embodied carbon savings associated with the performance-based design in 424 

comparison with the conventional prescriptive design. However, a LCA is out of the scope of 425 

this work and a simplified approach was pursued to estimate the order of magnitude of the 426 

carbon that can be saved by the performance-based design proposed. The embodied carbon per 427 

unit volume of embankment was estimated on the basis of the data available for the Cobbins 428 

Brook flood embankment that present characteristics similar to the flood embankments in the 429 

Hamburg area as discussed in Appendix II. The computation of the overall carbon emission for 430 

the Cobbins Brook flood alleviation scheme led to an embodied carbon between 64-84 kg of 431 

CO2e/m3. 432 

The volume saved by the performance-based design was found to be equal to 42,000 m3/km 433 

for the retrofitted embankment (Figure 14a) and 46,000 m3/km for a new embankment (Figure 434 

14b). If this volume is multiplied by the estimated embodied carbon (64-84 kg of CO2e/m3), the 435 

carbon saving would result in 2,678-3,525 tCO2e/km for the retrofitted embankment and 3,125-436 

4,113 tCO2e/km for a newly built, which roughly corresponds to 12.5-16.8 million car/km or 437 

more than 3700-5000 flights London-New York/km. These figures are significant if one 438 

considers that earthen flood-protection infrastructure in the Hamburg area extends over 130 km.  439 
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Conclusions 440 

The paper has discussed the problem of retrofitting flood embankments in a climatic-change 441 

scenario by raising their crest with reference to the case of the Elbe River in Hamburg. If the 442 

embankments are raised by maintaining the same ‘prescriptive’ landside slope, the cost in terms 443 

of land expropriation, habitat compensation, and embodied carbon would be significantly high.  444 

The paper has made the case that performance-based design based on transient water flow 445 

analysis and accounting for the partial saturation of the embankments can lead to substantial 446 

economic and environmental saving compared to the tradition prescriptive design, which is 447 

based on steady-state flow analysis and the assumption that the soil above the phreatic surface 448 

is dry.  449 

To demonstrate the differences between prescriptive and performance-based design, the 450 

landside slope was varied from the prescriptive value of 1:3 up to 1:1, which might be 451 

considered an upper limit of the landside slope dictated by maintenance operations. It has been 452 

shown that design based on transient water flow and partial saturation (performance-based 453 

design) allows for the landside slope to be increased potentially up to 1:1 still maintaining the 454 

Overdesign Factor (ODF) substantially greater than the one derived from traditional analysis 455 

(steady-state water flow and saturated/dry approach).  456 

The high factor of safety resulting from the performance-based design is in part associated 457 

with the transient nature of the water flow through the flood embankment (the water front 458 

propagating from the riverside slope hardly penetrates the embankment) and in part associated 459 

with the increase in shear strength generated by the suction along the potential failure surface.  460 

The performance-based design would allow the embankment to be raised without increasing 461 

its footprint (in contrast with the prescriptive design where the raising of the crest is achieved at 462 

the expenses of significant increase in embankment footprint). In the Hamburg area, this would 463 
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allow savings expropriation cost of the order of €3.9M per linear kilometre and carbon savings 464 

of the order of 2600-3500 tCO2 per linear kilometre.  465 

The suction-based design of flood embankments relies on the low (unsaturated) hydraulic 466 

conductivity of the embankment materials, and this poses a challenge in practice due to the 467 

difficulty associated with the reliable characterisation the hydraulic properties of the 468 

embankment geomaterials and their potential degradation over time (e.g. effect of drying and 469 

wetting cycles, fine fissuring and/or surface cracks). Suction-based design of flood 470 

embankments would therefore require an additional investment in terms of laboratory and field 471 

characterisation of unsaturated hydraulic conductivity of embankment materials and possibly 472 

low-cost field monitoring. This paper aimed at demonstrating that such an additional investment 473 

could be worthwhile in the light of the economic, carbon, and environmental savings enabled 474 

by the suction-based design.  475 
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APPENDIX 1 – KLEI SHEAR STRENGTH PARAMETERS  485 

The Hamburg Geological Survey made available a database of hydraulic and mechanical 486 

properties of the soils in the Hamburg area (GLH, 2017). Shear strength data for klei are 487 

provided via two datasets including Consolidate-Drained (CD) and Consolidated-Undrained 488 

(CU) triaxial data tests. As shown in Figure 15, the two datasets are not very consistent. It is not 489 

surprising that shear strength at relatively high stresses can be represented by either a relatively 490 

high friction angle ’ and zero effective cohesion (c’=0) or a lower friction angle and c’>0.  491 

However, the values of friction angle would have been expected to be similar (at similar 492 

effective cohesion values).   493 

When predicting shear strength at relatively high stresses, the combination of high friction 494 

angle ’ and zero effective cohesion (c’=0) and the combination of lower friction angle and c’>0 495 

can be considered equivalent. This is not the case at low stresses because even a small cohesive 496 

term in the shear strength criterion can radically change the results of a stability analysis.   497 

Two options were considered. The values of friction angle ’ and effective cohesion c’ from 498 

Figure 15a were plotted as in Figure 16. As expected, the friction angle decreases with effective 499 

cohesion. As per option 1, the Klei effective cohesion was set equal to its average value (c’=7.7 500 

kPa) and the friction angle derived from the linear correlation as shown in Figure 16 (’ =27.4). 501 

The raw data available from the Triaxial-CU dataset reported in the Hamburg Geological 502 

Survey database (GLH, 2017) were also re-interpreted (i.e. specimens 6 and 7 in Figure 15b). 503 

As shown in Figure 17, the triaxial stress path seem to be satisfactorily enveloped by a straight 504 

line passing through the origin, i.e. the Klei seems to show zero effective cohesion. This is 505 

further supported by the finding of Quast (1977, pages 134-136). 506 
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As shown in Figure 15a, the value of the friction angle associated with zero effective 507 

cohesion is ’=30 and this value was adopted in the analysis. However, it should be noted that 508 

the null effective cohesion exhibited by the two samples in Figure 17 could just be an artefact 509 

of sampling disturbance.  510 

APPENDIX 2 – EMBODIED CARBON FOR COBBINS BROOK 511 

EMBANKMENT  512 

The Cobbins Brook flood alleviation scheme protects the town of Waltham Abbey in Essex UK 513 

and a 1.3 Million Flood Storage Reservoir (FSR) located 2km upstream of Waltham Abbey was 514 

constructed in 2009. The earth dam has a maximum height of 7.5m, length of 750 m with 1:3 515 

slopes on both sides except for the 1:6 slope of the spillway on the landside slope. The 516 

embankment has been fully constructed using nearby won London Clay compacted to an 517 

optimum water content of 21.5% to achieve a maximum air voids of ~5%. Considering the water 518 

content and porosity of the compacted materials as reported by Lee et al (2010) and a specific 519 

gravity for London Clay of 2.7 according to Monroy et al (2010), the density of the as-520 

compacted material can be estimated in the range 1971-2075 kg/m3 with an average value of 521 

2023 kg/m3.  522 

The carbon footprint associated with the construction phase of the Cobbins Brook flood 523 

alleviation scheme has been assessed by Defra (2010). In particular, Table A4.22 of the Defra 524 

report lists the tonnes of CO2 generated for each material and task during the construction phase. 525 

The items that are relevant to the flood embankment in the Hamburg area are listed in the table 526 

below, with the exception of the item ‘Quarried Material (clay + aggregates)’ that has been 527 

added.  528 

Climate change adaptation of Elbe River flood embankments via suction-based design 



 

26 

The carbon associated with this item appeared to be out of range (probably miscalculated) 529 

and was estimated differently. The embodied carbon associated with the quarried material was 530 

assumed to be equal to 0.024 tCO2 per tonne according to the ICE V3 database (Hammond, 531 

2008) and multiplied by the mass of material forming the Cobbins Brook flood embankment. In 532 

turn this mass was estimated in two independent ways:  533 

i) using the information directly provided by Defra (2010) about the mass of material used 534 

to construct the embankment, i.e. 152,000t of clay and 8,300t of aggregates. This leads 535 

to a carbon contribution for the quarried material of 3847 tCO2.  536 

ii) using the information provided by Lee (2010) about the volume of embankment (~ 537 

56000 m3) and the estimated bulk density of 2023 kg/m3 as shown above. This leads to 538 

a carbon contribution for the quarried material of 2718 tCO2. 539 

The computation of the overall carbon emission for the Cobbins Brook flood alleviation scheme 540 

during the construction phase is reported in Table 4. By dividing the total carbon emission for 541 

the Cobbins Brook embankment by its volume (56,000 m3), the embodied carbon of a flood 542 

embankment can be estimated between 64-84 kg of CO2e/m3. 543 

 544 

SUPPLEMENTAL MATERIALS 545 

Equation S1 – Water flow equation 546 

𝜕

𝜕𝑥
[𝑘

𝜕

𝜕𝑥
(

𝑢𝑤

𝛾𝑤
+ 𝑧)] +

𝜕

𝜕𝑧
[𝑘

𝜕

𝜕𝑧
(

𝑢𝑤

𝛾𝑤
+ 𝑧)] =

𝜕𝜃

𝜕𝑢𝑤

𝜕𝑢𝑤

𝜕𝑡
 [S1] 

x = horizontal coordinate 547 

z = elevation,  548 

uw = pore-water pressure,  549 
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w = unit weight of water,  550 

θ = volumetric water content,  551 

k = hydraulic conductivity (assumed to be isotropic)  552 

t = the time 553 

 554 

Equation S2 – Shear strength equation  555 

𝜏 = (𝜎 + 𝑠
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
) tan 𝜙′ [S2] 

 shear strength 556 

 = normal stress 557 

s = suction 558 

 = volumetric water content 559 

sat = saturated volumetric water content, 560 

’ = friction angle. 561 
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Table 1. van Genuchten parameters of water retention and hydraulic conductivity functions  668 

Material 

 

D80  

[mm] 

sAEV (empirical) 

[kPa] 



[kPa-1] 

n  

[-] 

ksat  

[m/s] 

Klei 0.035 44 0.010 1.7 1e-8 

Silty Sand 0.4 5 0.100 2 1e-6 

Clean Sand 1 4 0.142 3 1e-5 

 669 

Table 2.  Mechanical parameters 670 

Material 

dry 

[kN/m3] 

sat 

[kN/m3] 

’ 

() 

c' 

[kPa] 

Klei top layer (200 mm) – option 1 

12.5 17.5 

27.4 11.7 

Klei top layer (200 mm) – option 2 30 4 

Klei – option 1 

12.5 17.5 

27.4 7.7 

Klei – option 2 30 0 

Sand 17 20 36 0 

Silty Sand 18 20 33 0 

 671 

Table 3. Landslide slopes examined  672 

H:L slope ratio 1:3.00 1:2.50 1:2.00 1:1.75 1:1.50 1:1.25 1:1.00 

Slope Angle [°] 18.4 21.8 26.6 29.7 33.7 38.7 45.0 

 673 
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Table 4 Carbon emission during construction of the Cobbins Brook embankment. The contribution of 674 

quarried material is re-calculated with two different approaches: *the amount of quarried material 675 

reported by DEFRA/EA (2010) is multiplied by the carbon factor for soil in Hammond (2008), ** the 676 

mass of won clay is calculated from the volume and density provided by Lee (2010) and then multiplied 677 

by the same carbon factor. 678 

Subtotal CO2 
tonnes 

CO2 

tonnes 
Quarried Material (clay + 
aggregates) 3847* 2718** 

Material Transport 424 
Plant Emissions 344 
Personnel Travel 36 
Portakabins 19 
Timber 19 
Waste Removal 7 
Miscellaneous 4 
Total 4700 3571 
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Hydraulic conductivity of klei cover ksat=10-6m/s - scenario L0
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Figure 1. Geological cross section of the Hamburg Elbe harbour. (top) Uppermost layers consisting of 

Holocene klei & peat (pink) and Holocene silty sand (orange). (bottom) Representative schematic 

borehole logs. Original map taken from https://www.hamburg.de/bohrdaten-geologie 

Figure 2 a) A-chain tide and b) B-peak tide used in the transient analysis, after Technische 

Rahmenbedingungen (TR HWS-Bau) by HPA (2008),  

Figure 3. Geometry of the flood embankment (with the landside slope varied from 1:3 up to 1:1) and 

the layered foundation deposits analysed (L0, L1, and L2).  

Figure 4. Representative grain size distributions of the materials forming the flood embankment and its 

foundation  

Figure 5. Water retention functions adopted for the materials forming the flood embankment and its 

foundation.   

Figure 6. Hydraulic boundary condition imposed on the water side for transient and steady-state 

analyses.  

Figure 7. Stability analysis associated with river level at 6m NN for L0 scenario. (a) SS-Ns, Steady state 

analysis without suction effects, c’=0; (b) SS-Ns, Steady state analysis without suction effects, c’ 0; 

(c) TR – Ns, Transient analysis with suction effects, c’= 0 (minimum ODF at 53.5h from the start of 

the storm surge); TR – Ns, Transient analysis with suction effects, c’ 0 (minimum ODF at 53.5h from 

the start of the storm surge).  

Figure 8. Effect of inclination of landside slope on Overdesign Factor for the homogenous silty sand 

foundation (scenario L0). (a) 6m NN – Pattern A (b) 7.3 m NN – Pattern B (SS-Ns= steady-state flow 
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with no suction effects; TR-s= steady-state flow with suction effects, open symbols  c’=0 and  solid 

symbols c’0)  

Figure 9. Effect of inclination of landside slope on Overdesign Factor for the homogenous clayey 

foundation (scenario L1). (a) 6m NN – Pattern A (b) 7.3 m NN – Pattern B (SS-Ns= steady-state flow 

with no suction effects; TR-s= steady-state flow with suction effects, open symbols  c’=0 and  solid 

symbols c’0, grey shaded symbols refer to foundation scenario L0)  

Figure 10. Effect of inclination of landside slope on Overdesign Factor for the confined silty sand 

foundation (scenario L1). (a) 6m NN – Pattern A (b) 7.3 m NN – Pattern B (SS-Ns= steady-state flow 

with no suction effects; TR-s= steady-state flow with suction effects, open symbols  c’=0 and  solid 

symbols c’0)  

Figure 11. Effect of hydraulic conductivity of the Klei cover on the Overperformance Factor 

(foundation scenario L0). Saturated hydraulic conductivity increased from ksat=10-8 m/s to ksat=10-6 

m/s. (SS-Ns= steady-state flow with no suction effect; TR-s= steady-state flow with suction effects, 

shaded grey symbols represent the case of ksat=10-8 m/s for comparison). 

Figure 12. Cumulative rainfall versus aggregation time over 17-year observation period. Data 

measured at the Hamburg Weather Mast 1997–2014. Solid circle = max historical rainfall data, solid 

triangle = 95th percentile, solid square =99th and the absolute maximum taken from the PDFs for the 

total (left scale) and maximum/95 th percentile ratio versus aggregation time (right scale). (modified 

from Weder, 2017). 

Figure 13. Effect of rainfall on the Overdesign Factor (foundation scenario L0). Rainfall 0.97mm/h for 

100h duration and rainfall 0.38 mm/h for 30 d duration for the two design storm surges. Shaded grey 

triangles represent the foundation scenario L0 in the absence of rainfall for comparison.   
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Figure 14. Comparison between prescriptive design (dark grey) and performance-based design (light 

grey). (a) flood embankment retrofit with no footprint increase. (b) new flood embankment with 1:1,2 

landside slope. 

Figure 15. Shear strength data in terms of friction angle ’ and effective cohesion c’ provided by the 

Hamburg Geological Survey. (a) CD triaxial test data from Klei samples 

(http://ingdata.hamburg.de/pdf/KLabf3axKohaeReibD_s.pdf) (b) CD triaxial test data from Klei 

samples (http://ingdata.hamburg.de/pdf/KLabf3axKohaeReibCU_s.pdf) 

Figure 16. Friction angle f’ versus effective cohesion c’ derived from CD triaxial test data and average 

value for friction angle f’ and effective cohesion c’.  

Figure 17. Re-interpreted triaxial Consolidate-Undrained tests of specimen 6 

(http://ingdata.hamburg.de/pdf/tvc-DBrue-B83-1,90-22,33-7,29.pdf) and 

7(http://ingdata.hamburg.de/pdf/tvc-CND-B3-2,50-19,57-8,28.pdf) in figure 19b database (isotropic 

stress p’ versus deviator stress q). 

Figure S1. Step functions were adopted for the water retention and hydraulic conductivity functions to 

simulate dry/saturated conditions 

Figure S2. Hydraulic boundary conditions including highest water river level considered for both 

steady-state and transient  

Figure S3.  Zoom from Figure S2, Unstructured mesh of quadrilateral and triangular elements. Mesh 

density in regions where higher gradients develop was optimised by reducing the element size until no 

significant change in simulated pore-water pressure was observed (~ 0.5 kPa). Elements with size equal 

to 0.1m were adopted for the embankment cover and elements with size equal to 0.5m were used for the 

embankment core and foundation layers 
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Figure S4. Stability analysis using the modified Bishop method (non-circular failure surface in white). 

The contour plot shows the Factor of Safety associated with the centre of the initially circular failure 

surface (before refinement) to check that the centre of the circular failure surface associated with the 

minimum Factor of Safety falls well within the grid inputted to search the critical failure surface. 
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