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11 Abstract: A novel procedure for estimation of the vulnerability to seepage inducing piping 

12 processes in earthen levees affected by animal burrows is presented. The proposed 

13 methodology combines an available procedure of seepage vulnerability assessment for 

14 undamaged levees with the result of a finite element analysis software, which is used for 

15 identifying the seepage path and hydraulics head profile of both damaged and undamaged 

16 levees. The main steps of the procedure for estimating the impact of burrows in increasing 

17 the vulnerability of levees are presented. Twenty-one levees along the Tanaro River (north-

18 western Italy) are used as a case study, and the results show that the critical conditions for 

19 the onset of inner erosion are achieved for shorter flood durations in damaged levees. If 

20 burrows occur, the probability of inner erosion (seepage probability) increases resulting in a 

21 potential increase of forming longer tunnels. This approach is a first attempt to quantify the 

22 seepage probability of extended levee systems affected by burrows and is applied for 

23 simplified geometrical and two-dimensional representation of the cavities. This procedure 

24 can be applied by the hydraulic Authorities to set the priorities in levees maintenance. Future 

25 research would focus on the analysis of more realistic burrows conditions.

26
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27 Keywords: Levee failure, piping, seepage, vulnerability index, damaged levee, animal 

28 burrows. 

29

30 1 INTRODUCTION

31 Floods are among the most widespread and destructive environmental hazards worldwide 

32 and different protection measures are implemented to reduce their impact. Properly designed 

33 earthen levees represent a common structural measure to reduce the hydraulic risk in 

34 floodplains. However, possible damages to the levee system can compromise its efficacy 

35 (ASCE, 2011; ICOLD, 2013) and induce a �residual risk� to be taken into consideration to 

36 avoid flood risk underestimation (Ludy and Kondolf, 2012).

37 According to the available statistics, overtopping is the most prevalent failure mechanism of 

38 earthen levees worldwide (Nagy and Toth, 2005; Costa, 1985). However, other processes 

39 can also endanger the functionality of the levees. (Ojha et al., 2001; Serre et al., 2008; Sills 

40 et al., 2008; Huang et al., 2014). Among them, the seepage-induced piping phenomenon in 

41 the levee body, henceforth, referred to as �seepage processes� or �inner erosion� or �piping�, 

42 has received much attention due to frequent occurrence in the recent past leading to 

43 significant damages. The seepage process is initiated by the hydraulic gradients established 

44 between the riverside and the landside slopes of the embankment resulting in removal of 

45 fines soil particles, along the seepage path. As the seepage process evolves, the resistance of 

46 the granular material to internal erosion decreases and thereby resulting in displacing larger 

47 sediment particles leading to rapid formation of large pipes. The outer portion of the 

48 embankment would appear to remain almost undamaged even when the structure is close to 

49 the failure condition. This suggests that the inner erosion can remain undetected making the 

50 failure scenario barely predictable and, hence, resulting in catastrophic failure (Wu et al., 

51 2011; ICOLD, 2013; Danka and Zhang, 2015). Various methods have been proposed in the 
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52 literature to simulate the seepage and to identify the location of the saturation line (Van 

53 Iterson, 1917; Kozeny, 1931; Casagrande, 1937; Bardet and Tobita, 2002). Notwithstanding 

54 the accuracy of these methods, the difficult estimation of the geotechnical/hydraulic 

55 parameters makes their application feasible only for isolated and well-known case studies. 

56 Therefore, the development of expeditious procedures which enable the identification of the 

57 most vulnerable levees, within extended the systems, appears to be a desirable solution at 

58 catchment scale. 

59 With this objective Vorogushyn et al. (2009) outlined a procedure for seepage vulnerability 

60 assessment, based on a probabilistic approach and a fragility curves estimation approach. 

61 Mazzoleni et al. (2015) suggested a method for assessing the flooding residual hazard due to 

62 piping-induced levees failures, based on the failure probability computed through the Hazard 

63 Factor and the Hydraulic Gradient. To assess the levee vulnerable to seepage, Michelazzo et 

64 al. (2018) proposed a Vulnerability Index defined as the ratio between the expected 

65 persistence of the flood and the minimum time necessary for the phreatic line to emerge along 

66 the landside slope of the levee, called critical time.

67 Camici et al. (2017) developed a practical procedure that enables the definition of the levee 

68 body vulnerability to seepage, once the hydraulic/geometric characteristics are defined. This 

69 method, recently enhanced by Barbetta et al. (2017), accounts for the uncertainty in the 

70 estimate of soil hydraulic conductivity through a probabilistic approach.

71 The above approaches generally assume the levees to be intact and homogeneous. However,  

72 natural degradation processes and the activity of wild animals can often compromise the 

73 structural integrity. In the last years, several levee management boards and maintenance 

74 agencies worldwide have reported information on earthen levee breaches related to the 

75 activity of animals (FEMA, 2005; Bayoumi and Meguid, 2011; Camici et al., 2017; 

76 Orlandini et al., 2015; Saghaee et al., 2012). The main effect is the removal of loose 
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77 materials along the slopes and from the core of these structures resulting in modifications of 

78 both the external and the internal geometry. These modifications reduce the strength 

79 characteristics and alter the hydraulic configuration (FEMA, 2005) of these structures. 

80 To tackle this problem, the present study proposes a new procedure to assess the variation in 

81 seepage vulnerability induced in earthen levees by the presence of burrows, here represented 

82 through a simplified geometry. The method is based on two main steps: 1) the levee body 

83 vulnerability to seepage is first assessed for undamaged levees through the approach by 

84 Barbetta et al. (2017); 2) the impact of burrows is investigated by analysing its effect on the 

85 seepage flow, by a 2-dimensional (2D) numerical model SEEP/W (GEOSTUDIO® 2012 

86 Office). The choice to adopt a 2D model was essentially made to reduce the computation 

87 time, that is particularly long for 3-dimensional (3D) simulations (Jafarzadeh et al., 2009; 

88 Taccari, 2015; Cheng et al., 2016). Furthermore, the analysis reveals that when the flow is 

89 reasonably parallel to the levee cross section which is acceptable when simple burrow 

90 configurations are considered, the 3D and 2D models compare favourably (Cheng et al., 

91 2016), thus fostering the use of 2D models. Finally, the adoption of a 2D model is deemed 

92 acceptable for a screening-level analysis (Cheng et al., 2016) and, therefore, it is considered 

93 coherent with the objectives of this study intended as a first step in the development of a 

94 more accurate procedure to enable the assessment of the impact of burrows formed in earthen 

95 levees of more complex geometries. Moreover, such procedure would enable us to identify 

96 the failure susceptible levees of embanked river stretches which requires urgent attention 

97 with regard to inspections, monitoring and more accurate analyses. 

98 The procedure characterizes the burrows effect by identifying the flood duration so that a 

99 damaged levee reaches same hydraulic critical conditions of the undamaged one and it is 

100 applied to the Tanaro River levee system, in north-western Italy, where 21 earthen levee 

101 stretches are selected as a case study. The paper is organized as follows: Section 2 describes 
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102 the expeditious procedure for seepage vulnerability assessment of undamaged levees 

103 (Barbetta et al.,2017) and presents the new procedure for quantifying the impact of burrows. 

104 Section 3 gives details of the case study and the data used. Section 4 presents the results and 

105 Section 5 outlines the final conclusions.

106 2 METHODOLOGY

107 2.1 Undamaged earthen levees: expeditious procedure for seepage vulnerability 

108 assessment

109 The procedure proposed by Barbetta et al. (2017) assumes the emergence of the phreatic line 

110 at the landside slope as the necessary condition for the onset of inner erosion through the 

111 levee body (Vorogushyn et al., 2009). Therefore, inner erosion is not considered until the 

112 saturation line crosses the base of the embankment (solid blue line in Figure 1).

113 The levee vulnerability to possible piping is simply assessed by comparing the distance at 

114 which the seepage line intercepts the ground level, i.e., the maximum length of the seepage 

115 line (xmax in Figure 1), with the width of the landward portion of the levee base (segment  AB

116 in Figure 1): the structure is safe as long as exceeds xmax. Conversely, the critical AB

117 condition (dashed red line in Figure 1) is achieved as the seepage line intercepts the outer toe 

118 of the levee (point B in Figure 1), i.e. xmax = . The estimate of xmax is based on the AB

119 analytical solution of the seepage flow proposed by Marchi (1961). The spatial variation of 

120 the saturation line (see Figure 1) above the groundwater table, H(x), is formulated by:  

121 (1)
�
�
�

�

�
�
�

�
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�
�
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122 with h0, the hydraulic head in the channel above the groundwater table; Ks the hydraulic 

123 conductivity; �, the porosity of the soil; H0, the thickness of the aquifer; D the flood duration; 

124 and erf represents the error function, i.e. twice the integral of the Gaussian distribution with 

125 zero mean and variance equal to 0.5. 
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126 Camici et al. (2017) used a dimensionless coordinate system with axes x*=x/L and h*=h/Hs, 

127 with Hs=height of the levee top above the ground level and L=horizontal distance between 

128 the inner top of the levee and the external levee toe.  Focusing on the seepage through the 

129 levee body alone, these authors derived a dimensionless formulation as: 

130 (2)
�
�
�

�

�
�
�

�
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131 where , and  is the water level above the river bed, with =depth 
�
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132 of the groundwater table from the river bed (Figure 1). Finally,  is obtained by imposing *
maxx

133 that h*(x*) is equal to zero:
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135 If the saturation line is embedded in the levee body, i.e. , piping 
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136 condition is avoided; otherwise, if , the seepage condition within the levee body 
**

max ABx �

137 would enable the piping and the levee is considered vulnerable to internal erosion. 

138 The vulnerability of the levee is finally quantified through the Vulnerability Index, IVseep, 

139 defined as (Barbetta et al., 2017): 

140 (4)
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141 with  and �=waterside slope of the levee (Figure 1). � � 	
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142 If IVseep<0, the seepage line is embedded into the levee body, then the structure is safe; if 

143 IVseep=0, the seepage line crosses the landside levee toe, marking the threshold condition for 
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144 the onset of seepage; if IVseep>0, the seepage line intercepts the landside slope and the 

145 structure is exposed to seepage. 

146 Among the variables that determine IVseep, the geotechnical parameters Ks and A are 

147 characterized by relevant uncertainties. Therefore, Barbetta et al. (2017) adopted a 

148 probabilistic approach based on the definition of the probability distributions of the 

149 geotechnical variables. Since the position of the seepage line is more sensitive to Ks than A 

150 (Vorogushyn et al., 2009; Barbetta et al., 2017), the variability of A is neglected and the 

151 �fragility curves� (Apel et al., 2008; Vorogushyn, 2009; Schultz et al., 2010) are drawn 

152 considering the variability of Ks alone (Figure 2). In Figure 2a, the fragility curves show the 

153 relationship between IVseep and Ks for different � values, i.e., for different flood wave 

154 durations, and for a fixed ratio . Subsequently, the probability distribution of IVseep s0 H/'h

155 is identified for any fragility curve (see Figure 2b), allowing us to define for different flood 

156 durations (D=12, 24 and 48 hours), the levee seepage probability, Pseep, as the complementary 

157 to 1 of the cumulative probability for IVseep=0. Based on the values of Pseep, Barbetta et al. 

158 (2017) also suggest a possible ranking for the levee seepage vulnerability (Table 1). 

159 Currently, the thresholds are heuristically defined, but they could be upgraded based on 

160 historical failure data.

161 2.2 Damaged earthen levees: impact of animal burrows on the seepage vulnerability

162 The adverse impact of burrows on the levee seepage probability is mainly related to the 

163 hydraulic alteration (FEMA, 2005) and, specifically, to the considerable reduction of the 

164 saturation time of the damaged levee in comparison with the undamaged one (Cobos Roa, 

165 2015).

166  It follows that, given the flood water level (h0�), the hydraulic head distribution achieved in 

167 the undamaged levee for a generic flood duration, D, is reached in the damaged levee for a 

168 shorter duration, henceforth, referred to as �the equivalent duration�, Deq. Analogously, the 
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169 hydraulic head distribution associated with the critical condition, i.e., the interception of the 

170 levee toe by the saturation line, is reached faster in the damaged levee than that in the 

171 undamaged one. Therefore, the presence of the burrows reduces the flood critical duration of 

172 the undamaged levee, referred to as Dc, and the damaged levee is vulnerable to seepage for 

173 a flood duration shorter than Dc, henceforth referred herein as �equivalent critical duration�, 

174 Dc,eq (<Dc). Obviously, Dc,eq is not critical for the undamaged levee while it is critical for the 

175 damaged one, and the damaged levee is then expected to be characterized by a higher 

176 vulnerability than the intact structure.

177 This study presents the basic ideas of the new procedure addressing the quantification of the 

178 seepage probability variation due to burrows, named �Pseep. This procedure identifies the 

179 main steps to understand the level of vulnerability increase of an undamaged levee due to the 

180 presence of burrows. The method is based on coupling of the expeditious procedure 

181 developed by Camici et al. (2017) with the outcomes of a 2D finite element analysis software. 

182 The main concepts of the methodology, based on six major steps, are described in the 

183 following subsection.

184 2.2.1 Solution procedure

185 1. The seepage probability of the undamaged levee, Pc, with known geometry (L, Hs and D) 

186 is computed, for a flood duration D, through the expeditious procedure by Barbetta et al. 

187 (2017), for the known values of maximum water level, h0�, thickness of the aquifer, H0, 

188 and flood duration, D=T hours. Specifically, the procedure assumes a constant water level 

189 for the duration D.

190 2. The undamaged levee is modelled with the use of a Finite Element Model (FEM) (Figure 

191 3a): SEEP/W by GEOSTUDIO® 2012 Office. The model solves the 2D Richards 

192 equation for unsaturated flow in porous media and computes the hydraulic head 

193 distribution within the seepage domain in transient conditions. The hydraulic head 
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194 distribution is evaluated for different time steps in the interval 0÷T hours (T is the expected 

195 flood duration, D, measured in hours, for the undamaged structure) (Figure 3b). 

196 3. The presence of a burrow in the levee body is simulated in SEEP/W (Figure 4a) by a 

197 tunnel having a soil layer with high permeability. Under the same boundary conditions 

198 adopted in step 2, the hydraulic head distribution is computed for the damaged levee 

199 (Figure 4b), for different time steps in the interval 0÷T hours.

200 4. The hydraulic head profiles obtained with SEEP/W at the vertical section crossing the 

201 centreline of the levee (section a-a� in Figures 3a and 4a) are compared for different time 

202 steps and for both the undamaged and damaged structures. The equivalent critical flood 

203 duration, Dc,eq, is identified (see Figure 5 where Dc=24 hours) as the duration for which 

204 at centreline line of the damaged levee is achieved, on average, the same hydraulic head 

205 of the undamaged one for D=Dc.

206 5. Considering that the seepage probability of the damaged levee for a flood duration Dc,eq is 

207 the same as that of the undamaged one for a duration Dc, as shown in Figure 6, the new 

208 origin of IVseep axis for the damaged levee is identified. This is located by the intercept of 

209 the vertical line through the point lying on the fragility curve with Dc,eq, and corresponding 

210 to the same vulnerability of the undamaged levee, with the IVseep axis. In other words, the 

211 new origin of IVseep axis is found by shifting the old origin, according to the horizontal 

212 distance between the two IVseep for the duration of Dc (IVseep=0) and Dc,eq (IVseep=-3.6) 

213 corresponding to the two undamaged levee fragility curves having the same seepage 

214 probability. In this way, the seepage probability of the damaged levee, Pc,eq, for the 

215 duration Dc can be assessed and, as shown in Figure 6, it is equal to 75%, with an increase, 

216 �Pseep, of 45% with respect to that of the undamaged levee (30%). Therefore, Figure 6 

217 shows the fragility curves referring to the seepage probabilities of the undamaged levee 

218 for flood durations Dc,eq (red) and Dc (blue), respectively.
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219 6. Finally, the seepage probability variation due to the presence of burrow is computed as 

220 (Figure 6):

221 �Pseep = Pc,eq � Pc (5)

222 It is worth noting that the geometry of burrows adopted for the analysis is a simplified 

223 representation of the actual burrows characterized by wide variability of shape, position and 

224 size. Nevertheless, the analysis can be considered as a sound tool for identifying the 

225 embanked river stretches where inspections, monitoring and more accurate studies can be 

226 promoted.

227 3 CASE STUDY AND DATASET

228 The study is performed on the levee system of the Tanaro River (north-western Italy), one of 

229 the main tributaries of the Po River, with a drainage basin of 7956 km2 (Figure 7). The 

230 catchment includes both Alpine (in the northern sector) and Apennine (in the southern 

231 portion) watersheds, characterized by prevailing spring-summer and spring-fall floods, 

232 respectively.

233 The main urban settlements are located in the middle-lower basin and are nearer to the river. 

234 The towns of Alessandria, Asti, Alba and Ceva are frequently affected by severe floods and, 

235 hence, are identified as critical hydraulic points (Figure 7). To select the homogeneous levee 

236 stretches, numerous cross sections are extracted from a high-resolution Digital Terrain Model 

237 (DTM) (1-meter resolution). Twenty-one homogeneous levee stretches are identified; the 

238 geometric characteristics and the water level data (H200) corresponding to a 200 years flood 

239 are summarized in Table 2. The overall length of the selected levee system is 8.2 Km and it 

240 is located in the neighbourhood of the urbanized areas. The seepage probability estimate is 

241 carried out for 15 levees whose crest level, Hs, is higher than H200, thus excluding 6 

242 overtopped levees (Table 2). 

243 Appendix A provides a list of the data sources used in the present study.
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244 4 RESULTS AND DISCUSSION

245 4.1 Seepage vulnerability of undamaged earthen levees 

246 The seepage vulnerability is first estimated for the undamaged levees through the expeditious 

247 procedure formulated by Barbetta et al. (2017). The required geometric features (Hs, � and 

248 L) are obtained through the DTM. Based on the available information (see Appendix A), an 

249 average value of 15 m for the thickness of the aquifer, H0, was estimated in the study area.

250 Following the sensitivity analysis carried out by Barbetta et al. (2017), � is considered as a 

251 constant equal to 0.1, and the uncertainty in Ks is addressed by randomly generating 10000 

252 Ks values, in the wide range 10P(÷10P� ms-1. It is assumed that the variable Ks follows the 

253 log-normal distribution with mean �Ks=10-5 ms-1 and standard deviation �Ks=25�Ks 

254 (Vorogushyn et al., 2009). For each levee, water levels corresponding to the 200-years return 

255 period, H200, are available for the three durations: D=12, 24 and 48 hours. The three 

256 vulnerability classes identified by Barbetta et al. (2017) are used for the classification (Table 

257 1). The results for undamaged levees are summarized in Table 2 and Figure 8 where the 

258 number of levees belonging to each vulnerability class is reported as a percentage of the 

259 whole dataset (21 levees).

260 The seepage probability increases with the flood duration. For D=12 hours, 10 out of 21 

261 levees (47% of the total) are characterised by Low vulnerability and 5 levees (24% of the 

262 total) by Medium vulnerability. When D increases up to 24 hours, 47% of the levees are 

263 found characterised by Medium vulnerability and 24% by Low vulnerability. Finally, for 

264 D=48 hours, 2 levees (9% of the total) become highly vulnerable, while 12 levees (57%) and 

265 one levee (5%) are characterized by Medium and Low vulnerability, respectively. 
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266 4.2 Seepage vulnerability of damaged earthen levees 

267 To define the seepage probability variation induced by the burrows, �Pseep, the equivalent 

268 critical duration, Dc,eq, is first identified by comparing the hydraulic head profiles of the 

269 undamaged and damaged levees during the time-interval corresponding to the duration D.

270 4.2.1 Model setting in SEEP/W 

271 To compare the hydraulic head profiles in the undamaged and damaged levees, each 

272 homogeneous levee is modelled in SEEP/W. At the beginning of the simulations, the seepage 

273 domain is assumed to be in stationary conditions, with the water level h0�=0 m. Hence, 

274 according to the hypotheses of Marchi (1961), a rectangular flood hydrograph with h0�=H200 

275 is simulated in the river channel considering a constant water level condition during the flood. 

276 This schematization is considered suitable for the objectives of the study since it provides a 

277 solution that errs on the side of caution as the analysed wave represents the envelope of all 

278 possible hydrographs that are expected to pass the river reach protected by the levee (Marchi, 

279 1961). Transient conditions are considered in order to analyse the temporal evolution of the 

280 hydraulic heads in the levee body during the flood. Since simulating with SEEP/W is very 

281 time-consuming, only the duration equal to 24 hours, relevant for the study area, is 

282 considered. 

283 The levee geometry is reproduced in SEEP/W along with the width of the foundation and the 

284 piezometric level below the ground surface, a, which was not analysed in the expeditious 

285 procedure (Figure 1). The foundation width is defined considering the information derived 

286 from the water table map: the foundation is extended laterally, beyond the levee footprint, 

287 for 100m towards the waterside and for 300m towards the landside. The foundation is 

288 assumed delimited at the bottom by a layer of impervious soil, excluded from the 

289 computations. The piezometric level, a, is provided by the water table depth map of the study 

290 area (variability range: 0÷10 m).
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291 To solve the seepage equation, SEEP/W requires the univocal definition of the geotechnical 

292 parameters: the hydraulic conductivity in saturated, Ks, and unsaturated, Ks,u, conditions, the 

293 coefficient of volumetric compressibility, mv, and the saturated and residual volumetric water 

294 contents, �s and �r, of the materials which make up the levee body and the foundation. Since 

295 an accurate geotechnical characterization is not possible, the levee and the foundation are 

296 assumed to be composed of the same, homogeneous and isotropic material. The soil classes 

297 of this material are derived from the literature on the basis of the saturated hydraulic 

298 conductivity of the levee-foundation system selected in the range of variation Ks=10-9÷10-3 

299 ms-1 (Yu et al., 2015) as shown in Table 3. Based on the soil classification, the remaining 

300 geotechnical parameters are also derived. The values of �s and �r can be deduced by Tuller 

301 and Or (2004) for different textural classes (Table 4), whereas, mv can be derived by 

302 Domenico and Mifflin (1965) (Table 5). The geometrical (H0 and a) and geotechnical (Ks, 

303 �r, �s and mv) parameters to be used in the FEM analysis are defined within the variation 

304 ranges (Table 6) due to limited information on the seepage domain. Since unique values are 

305 needed, a sensitivity analysis is performed to define the key parameters: first, the possible 

306 ranges of variation of each of the four parameters (Ks, mv, a and H0) are identified; second, 

307 several simulations are run, keeping three out of the four parameters as constant and varying 

308 the value of the fourth one.

309 The results of the analysis indicate that the position of the seepage line is highly sensitive to 

310 Ks (Figure 9a) and mv (Figure 9b) which need to be carefully defined. Conversely, the 

311 seepage line is slightly sensitive to the values of a (Figure 9c) and H0 (Figure 9d) that are 

312 assumed to be constants: a is established at 5 m, equal to the average value in the study area 

313 and H0 is established at 15 m, adopting the same value for the expeditious procedure and 

314 corresponding to the mean value of the study area. It is worth noting that the effect of a value 

315 on the location of the seepage line depends also on the groundwater width that, for the 

Page 13 of 42 Journal of Flood Risk Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

14

316 investigated case study, was derived from the water table depth map of the Piedmont Region. 

317 Therefore, the sensitivity analysis for different values of the water table depth must be carried 

318 out when different configurations of the groundwater characterize the selected study area.

319 On this basis and in order to recreate in the SEEP/W model the same conditions adopted in 

320 the expeditious procedure, the 2D-hydraulic numerical model setting is implemented for the 

321 undamaged levee. The hydraulic conductivity of the levee-foundation system is assumed 

322 equal to the critical hydraulic conductivity, Ks,c, that provides IVseep=0 for Dc=24 hours. Once 

323 Ks,c is identified, it allows the classification of the earth fill material of the levee and 

324 foundation (as a clay, silt or sand). Based on this classification, �s and �r and the range of 

325 variation of mv are identified: mv value is calibrated by varying this parameter to get the best 

326 fit between the seepage line deduced from Marchi formulation (1961) (black dashed line in 

327 Figure 10) and the seepage line of SEEP/W model (coloured solid lines in Figure 10). 

328 When all the parameters are identified, the damaged embankment is modelled using the 

329 SEEP/W model. The burrows are simulated through soil layers with high hydraulic 

330 conductivity, Ks,b, the value of which is deduced from the literature and assumed equal to 1 

331 ms-1 (Cobos Roa, 2015). 

332 Considering that the actual geometry of the burrows can be very complex (Borgatti et al., 

333 2017), this study is mainly addressed to define a general procedure based on a simple 2D 

334 configuration of burrows that has the potential to be enhanced by using more complex burrow 

335 configurations. For this reason, the discontinuities are assumed as horizontal, cylindrical of 

336 size 10 cm diameter, that reduce to rectangular shapes in 2D analyses. The diameter of the 

337 cavity is defined based on the evidences from field surveys carried out by the authors 

338 themselves and verified from the literature. Accordingly, the value of 10 cm is assigned as 

339 the size of small burrows, such as the ones dug by little ground squirrels (typical diameter 5-
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340 25 cm, according to Bayoumi and Meguid, 2011) or crayfishes (4-7 cm, according to Bendoni 

341 et al., 2016) which can severely compromise the integrity of the levees.

342 The burrows are supposed to be located at the riverside, a quite common configuration in 

343 real cases (Chlaib et al., 2014). Different locations and lengths are analysed: the level of the 

344 burrow, hb, is varied from 1/6 (burrow A) to 1/2 (burrow B) and 5/6 (burrow C), the height 

345 Hs (Figure 11a). Moreover, the burrow length, Lb, is varied from 1/4 to 1/2 and 3/4 the width 

346 of the levee measured at the location of the burrow, Ls(hb). Overall, 9 different configurations 

347 are analysed for each of the levees. 

348 4.2.2 Vulnerability Analysis 

349 The simulations of SEEP/W show that the presence of the burrows extends the saturation 

350 zone in the levee body and that the seepage line moves progressively towards the landside 

351 slope as the length of the burrow increases. Such a situation is depicted in Figure 12, showing 

352 the seepage lines in the levee Ta_07_dx, for Dc=24 hours along with different levels and 

353 length of the burrow (burrow A, B and C in panels 12a, 12b and 12c, respectively). The 

354 comparison of the total head profiles which develop in the centreline of the damaged and 

355 undamaged levees in the 24-hours interval allows us to identify the equivalent critical 

356 durations, Dc,eq (Figure 13). The results obtained for all the levees highlight that the flood 

357 duration necessary for the onset of the seepage is drastically reduced in the damaged 

358 structures. Figure 13 shows that the critical duration for the triggering of piping decreases 

359 from 24 hours (undamaged structure) to 19 hours (damaged) and becomes even shorter (0.5 

360 hours) if the levee is severely damaged. If we focus on a specific location of the burrow (A, 

361 B or C) and analyse the effect of the length, we observe that Dc,eq reduces as the length 

362 increases. Conversely, if the length is kept constant and different locations are compared, it 

363 is not possible to highlight a general trend. By way of example, the results for the levee 

364 Ta_07_dx show that for Lb=1/4Ls(hb), Dc,eq reduces as the burrow moves towards the crest of 
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365 the levee. When higher lengths are examined (Lb=1/2Ls(hb) or Lb=3/4Ls(hb)), Dc,eq reduces 

366 for burrows located at lower levels. Considering the whole dataset and estimating the 

367 maximum and minimum equivalent critical duration for each configuration, it is confirmed 

368 that for an established elevation of the burrow (A or B or C), Dc,eq constantly decreases for 

369 increasing lengths (see Table 7).

370 Conversely, if a specific burrow length is analysed, results do not identify a tendency for an 

371 increase or decrease of the Dc,eq if the burrow moves vertically within the levee. It�s worth 

372 noting that the C burrow configuration is analysed only for 6 levees out of 15 i.e., for the 

373 remaining 9 embankments, the water level does not reach the higher tunnel. The estimation 

374 of Dc,eq allows us to identify the fragility curves for assessing the increase of the seepage 

375 probability for the damaged levee as shown in Figure 14 for Ta_07_dx levee. As it can be 

376 seen, as Dc,eq decreases, the variation of seepage probability, �Pseep, increases. In addition, 

377 the augmentation of �Pseep is also found increasing with the length of the burrow. 

378 Specifically, with �Pseep varying between 3.9 and 11.4% for the shortest burrow, the 

379 percentage variation of the seepage probability rises in the ranges of 22.7÷37.0% for 

380 Lb=1/2Ls(hb), and 27.0÷50.9% for Lb=3/4Ls(hb). Instead, keeping the length of the burrow 

381 constant and varying its position in height, a specific trend for �Pseep is not found (see Figure 

382 15); whereas for Lb=¼Ls(hb), the burrow C induces the highest variation in �Pseep=11.4%, 

383 versus 6.6% associated with burrow B and 3.9% associated with burrow A. For the other 

384 lengths, the magnitude of �Pseep is inverted (Figure 15).

385 The results obtained for all the levees, and for different locations and lengths, indicate that 

386 the burrows induce a variation of the seepage probability between 2.0% and 55.2%, with 

387 �Pseep increasing as the length of the cavity increases (Figure 16). Specifically, for lengths 

388 varying from 1/4, to 1/2 and 3/4Ls(hb), the minimum �Pseep increases from 2.0% to 21.3% 

389 and 31.0%, respectively, whereas the maximum �Pseep changes from 19.3% (1/4Ls(hb)) to 
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390 55.2% (1/2Ls(hb) and 3/4Ls(hb)). Conversely, a monotonically increasing/decreasing 

391 relationship between the burrow location and the seepage probability modification cannot be 

392 found and further investigations are required. Figure 16 summarizes the results for the 

393 investigated levees: �Pseep values are shown as dots along with the 5th, 50th and 95th 

394 percentiles. Moreover, the 50th percentiles computed for all the burrow locations are 

395 compared in Figure 16d. 

396 Results are also summarized in Table 8 in terms of vulnerability classes of the levees for 

397 different locations and lengths of the burrows. The presence of the burrow can entail a shift 

398 from a lower to a higher vulnerability class. As the burrow C is higher than the water level 

399 for 9 levees out of 15, its presence is irrelevant, and no results are provided in Table 8.

400 The levees distribution in the vulnerability classes is illustrated in Figure 17 for both the 

401 undamaged and damaged embankments. For the shortest length of burrow, the percentage of 

402 levees with a medium vulnerability increases from 67% (no burrows) up to 80%, 93% and 

403 100% when burrows A, B and C are considered, respectively, while no high vulnerability of 

404 levees is identified. For Lb=1/2Ls, a significant change of the distribution classes is identified, 

405 with 100% and 93% of the levees characterized by high vulnerability for burrow A and B, 

406 respectively. Moreover, all 6 levees investigated for burrow C configuration belong to the 

407 high-vulnerability class. Similar comments hold when the longest burrow is simulated. 

408 Figure 17 clearly shows that for all the examined locations (A, B and C), the percentage of 

409 levees falling in progressively higher vulnerability classes tends to augment as the length of 

410 burrows increases. This result confirms the role exerted by the length of the tunnel in the 

411 definition of the seepage vulnerability class. Conversely, when the burrow location is 

412 investigated, a monotonically increasing/decreasing relationship between the position and 

413 the effect on the seepage vulnerability cannot be found, probably due to the range of 

414 vulnerability classes, which could be refined using historical levee collapses.
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415 5 CONCLUSIONS

416 A new procedure for the estimation of the impact of animal burrows on the seepage 

417 vulnerability of earthen levees is presented in this work. The proposed approach is intended 

418 as a first step in the development of a more accurate operational procedure able to assess the 

419 impact of the burrows also considering more complex geometries through practical and 

420 reliable tools (�vulnerability increase diagrams�). The study presents the basic ideas of a new 

421 approach to quantify the seepage probability variation due to the presence of burrows and 

422 presents the results achieved by considering a simplified and two-dimensional burrows 

423 geometry. Specifically, the analysis quantifies the effect of horizontal burrows characterized 

424 by different locations and lengths. The novelty of the proposed approach comes from the 

425 coupling of an available expeditious procedure for the estimation of the seepage probability 

426 for undamaged levees (Barbetta et al., 2017) with a 2D numerical model (SEEP/W by 

427 GEOSTUDIO® 2012 Office) employed for identifying the seepage paths and the hydraulic 

428 head profiles in the levee, with and without burrows.

429 Based on the database of 15 earthen levees selected along the Tanaro River, north-western 

430 Italy, the fundamental role of the flood duration in the seepage vulnerability of undamaged 

431 levees is proved. As the flood duration increases, a significant percentage of levees moves 

432 from the lower to the higher vulnerability classes. When the impact of the burrows is 

433 analysed, a generalised worsening of the stability conditions emerges due to a fast saturation 

434 of the embankments, which reduces the critical onset duration of the levee, i.e., the time 

435 required for the saturation line to reach the landside toe, a configuration which marks the 

436 onset of the piping. Therefore, it is found that the geometry adopted for representing burrows 

437 significantly, affects the reduction of the equivalent critical duration by increasing the 

438 vulnerability to seepage of levees. 
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439 Notwithstanding the interesting results achieved, it is worth noting that the geometrical 

440 simplification of the burrows may be a limitation of the proposed approach, considering that 

441 burrows in reality may have arbitrary shapes and may extend in different directions. Indeed, 

442 geometrical structures of burrows in levees may significantly vary according to the species 

443 of wild animals. For instance, porcupines (foxes, badgers, etc.) dig the burrows generally at 

444 mid height of levees, making long tunnels of different shape and direction (Camici et al., 

445 2017). Differently, the coypus dig at baseflow level with tunnels moving at the same level. 

446 So, identifying the actual geometry of tunnels in levees without an accurate 3D tomography 

447 of the embankment is really tedious and uncertain, and this explains the choice of a simplified 

448 configuration of burrows in this study. However, the choice to adopt a simple geometry 

449 allowed us to understand the saturation spreading process, if different tunnels are located in 

450 the embankment. Indeed, the study proves that the presence of burrows reduces the �critical 

451 time� of saturation for the levee and thereby, inducing the collapse of a levee even for flood 

452 durations shorter than the critical time of undamaged levees. Of course, these results hold 

453 only under the assumptions made within the study which may not be applicable for different 

454 geometries of burrows. However, the method may yield precautionary results under real 

455 context, where levees are not always maintained due to a paucity of funds. Under such 

456 circumstances, the approach could be a valid tool for authorities in charge of the levees 

457 control. Indeed, the method provides indications on the vulnerability of damaged levees and 

458 is a valid tool for prioritizing the maintenance of embanked river stretches as well as for 

459 identifying the location where an accurate monitoring is necessary. 

460 The analysis of real conditions of burrows using a 2D and 3D approach by considering 

461 geometric conditions closer to the ones observed in the field is the next step of the work.
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628

629 APPENDIX A

630

631 List of the information sources. For each source, the competent authority providing the data, 

632 a synthetic description of the collected data, the data format and the last update are provided. 

633 A website link is also reported for the documents which are freely downloadable.

Source Authority Data Format Updated

Planimetric configuration of 

the hydraulic works
Shape files

Cadastre of the 

hydraulic works 

present on the 

Tanaro river

Magistrate for 

the Po river and 

its tributaries
Constructive typology, state 

of efficiency and cross 

sections of the hydraulic 

works

Photographs of 

the sites and 

data-sheets in 

pdf format, 

describing the 

hydraulic works

2002

Planimetric configuration of 

the hydraulic works

WMS and 

Shape files
2012/2013

Cross sections of the levees 

at specific locations
xls files

Surveys (1973, 

2001, 2005, 

2007)

AIPo Institutional 

website
http://geoportale.agenziap

o.it/

Interregional 

Agency for the 

Po River (AIPo)

Flood hazard protection 

areas

WMS and 

Shape files
April 2013

Maximum discharges
Tables in pdf 

format
February 2010

Flood discharges for fixed 

return periods:

Q20, Q100, Q200, Q500

Tables in pdf 

format
February 2010

Hydrogeological 

Plan (PAI) 

Po River Basin

Po River Basin 

Authority  

(AdBPo)
Water levels profile 

corresponding to 200 years 

return period

Tables in pdf 

format
February 2010

Management Plan of 

the Hydrographic 

District of the Po 

River (PdGPo)

Po River Basin 

Authority  

(AdBPo)

Morphological 

characterization of the river

Data-sheets in 

pdf format
2015

SICOD, 
http://www.sistemapiemon

te.it/sicod/

Piedmont 

Region

Planimetric setting and 

height of the levees, 

constructive typology and 

state of efficiency

Shape files May 2009

Technical reports 

concerning the 

hydrological events 

on the Piedmont 

territory
http://www.regione.piemo

nte.it/cgi-

bin/montagna/pubblicazio

ni/frontoffice/elenco.cgi?i

d_settore= 

10&area=10&argomento=

111

Piedmont 

Region

Hydrological 

characterization of analysed 

event, flood-induced 

damages

Pdf 2016

D.D. 3 december 

2012, n. 900

(Piedmont Region 

regulations)
http://www.regione.piemo

nte.it/ambiente/acqua/atti_

doc_adempimenti.htm

Piedmont 

Region
Thickness of the aquifer Pdf 2012
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Water table depth 

map
http://www.regione.piemo

nte.it/ambiente/acqua/atti_

doc_adempimenti.htm

Piedmont 

Region

Water table depth from the 

ground surface
Shape files 2002

Maximum water level Pdf 2012

Catalog of the peak 

annual discharges 

(western Po River 

Basin) 
http://www.arpa.piemonte.

gov.it/pubblicazioni-

2/pubblicazioni-anno-

2012/catalogo-delle-

portate-massime-annuali-

al-colmo-dal-bacino-

occidentale-del-po)

Regional 

Agency for the 

Protection of the 

Environment of 

Piedmont 

(ARPA) Maximum discharge Pdf 2012

CORINE Land 

Cover database
http://www.sinanet.ispram

biente.it/it/sia-

ispra/download-

mais/corine-land-cover/

ISPRA Land use Shape files 2012

Extraordinary plan of 

remote sensing 

promoted by the law 

179/2002

MATTM, 

Ministero 

dell�Ambiente e 

della Tutela del 

Territorio e del 

Mare

1-meter resolution DTM 

from LIDAR flights
Raster 2009

IRPI historical 

archive

CNR-IRPI 

Torino

Documents, Maps and aerial 

photographs

Paper 

documents and 

photographic 

documents

Variable

634

635
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x1(m)
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4

Hydraulic 

head lines

Seepage 

line

Figure 3: Modelling of the undamaged levee in SEEP/W: a) sketch of the seepage domain and 

established boundary conditions for the transient analysis: a rectangular hydrograph with 

h0�=H200 is simulated in the river channel; �s=0.51m3/m3; �r=0.102 m3/m3;mv=6�10-5KPa-1; the 

black dashed line identifies the vertical section where the total heads distribution is computed and 

the grey line with red dots identifies the boundary conditions between the river channel and the 

bare soil both at the riverside and at the river bottom; b) simulation results in terms of 

hydraulic head contour lines in meter and saturation line.
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672

673

674

675

676

a)

Seepage face

Maximum 

water level

a
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x1(m)

Simulated burrow

b)

y(m)
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3
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x1(m)

47.6 m

Hydraulic 

head lines

Seepage 

line

Figure 4: Modelling of the levee affected by burrow in SEEP/W (GEOSTUDIO® 2012 Office): a) 

sketch of the seepage domain, hypothesised burrow and established boundary conditions for the 

transient analysis: a rectangular hydrograph with h0�=H200 is simulated in the river channel; 

�s=0.51m3/m3; �r=0.102 m3/m3;mv=6�10-5KPa-1; the black dashed line identifies the vertical 

section where the total heads distribution is computed; b) simulation results in terms of hydraulic 

head contour lines in meter.
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679 Figure 5: Evolution of the total head profiles across the vertical section crossing the centreline of 

680 the levee: 1) light blue lines=total heads in the intact levee, for hourly time steps in the interval 

681 0÷T=24 hours; 2) green lines=total heads in the levee with burrow, for hourly time steps in the 

682 interval 0÷T=24 hours; 3) dark blue line=total head profile in the undamaged levee, corresponding 

683 to a flood duration T=24 hours; 4) red line=total head profile in the damaged embankment, for a 

684 flood duration equal to the equivalent critical duration, Dc,eq=2 hours.
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687 Figure 6: Seepage probability variation induced by the presence of the burrow in the levee, �Pseep.  
688 The fragility curves refer to an undamaged levee and are estimated by the expeditious procedure 

689 (Barbetta et al., 2017). The upper IVseep axis is referred to the undamaged levee, while the lower axis 

690 is referred to the damaged one.

691

Page 29 of 42 Journal of Flood Risk Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Page 30 of 42Journal of Flood Risk Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Page 31 of 42 Journal of Flood Risk Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Page 32 of 42Journal of Flood Risk Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Page 33 of 42 Journal of Flood Risk Management

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

34

732

44

45

46

47

48

49

76 78 80 82 84 86 88 90 92 94 96 98
To

ta
l 

h
e

a
d

, 
H

 (
m

)

Lb=1/4 Ls(hb) Lb=1/2 Ls(hb) Lb=3/4 Ls(hb)

No burrow Water level, h0'

Burrow A

Burrow C

Burrow B

44

45

46

47

48

49

76 78 80 82 84 86 88 90 92 94 96 98

To
ta

l 
h

e
a

d
, 

H
 (

m
)

Lb=1/4 Ls(hb) Lb=1/2 Ls(hb) Lb=3/4 Ls(hb)
No burrow Water level, h0'

Burrow  A

Burrow C

Burrow B

44

45

46

47

48

49

76 78 80 82 84 86 88 90 92 94 96 98

To
ta

l 
h

e
a

d
, 

H
 (

m
)

Distance (m)

Lb=1/4 Ls(hb) Lb=1/2 Ls(hb) Lb=3/4 Ls(hb)

No burrow Water level, h0'

Burrow A

Burrow C

Burrow B

a)

b)

c)

733

734 Figure 12: Seepage line modifications due to the burrows, for different locations and lengths of the 

735 cavities: a) Burrow A: hb=1/6Hs; b) Burrow B: hb=1/2Hs; c) Burrow C: hb=5/6Hs. For each location, 

736 three possible lengths are analysed: Lb=1/4Ls(hb), 1/2Ls(hb) and 3/4Ls(hb).
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Figure 13: Total heads profiles corresponding to the vertical section crossing the centreline of the 

levee Ta_07_dx for burrow in A position (hb=1/6Hs) and increasing lengths of the cavity: a) 

Lb=1/4Ls(hb); b) Lb=1/2 Ls(hb); c) Lb=3/4 Ls(hb).
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759 Figure 15: Effect of the burrows for Ta_07_dx levee, in terms of critical equivalent durations, Dc,eq, 

760 reduction (dashed coloured lines) and percentage seepage probability variation,�Pseep (%) (solid 

761 coloured lines) for different locations and lengths of the cavities.
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765 Figure 16: Tanaro River levees: percentage seepage probability variation, due to the burrows. �Pseep 

766 (%) computed for each levee are shown along with the 5th, 50th and 95th percentiles for: a) burrow A; 

767 b) burrow B; c) burrow C. The 50th percentiles are compared in figure d).
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770 Figure 17: Tanaro levee database: vulnerability classes distribution for undamaged structures (no 

771 burrow) and levees affected by burrows, for different locations (A: hb=1/6Hs; B: hb=1/2Hs; C: 

772 hb=5/6Hs) and different lengths (Lb=1/4, 1/2 and 3/4Ls(hb).

773  
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774 TABLES

775

776

777 Table 1:  Seepage vulnerability classes according to Barbetta et al. (2017).

Seepage Probability <0.3 0.3 � Seepage Probability <0.6 Seepage Probability �0.6

Low vulnerability Medium vulnerability High vulnerability

778

Table 2: Tanaro River: main characteristics of the levees (levee height, Hs, levee width, B, crown 

width, b, landside slope, �, riverside slope, �). The water level for a return period of 200 years, 

H200, is shown along with the seepage probability, Pseep, and vulnerability class estimated for 

undamaged levee and flood durations D=12, 24 and 48 hours (L=Low vulnerability, M=Medium 

vulnerability, H=High vulnerability). 

Pseep (vulnerability class)
 Levee code

(levee side)

Hs

(m)

B

(m)

b

(m)
� �

H200

(m)
D=12 hs D=24 hs D=48 hs

Ta_01_sx (left) 2.89 16.47 6.42 40.12 23.45 2.46 0.3069 (M) 0.402 (M) 0.5149 (M)

Ta_02_sx (left) 2.53 16.84 6.06 27.18 23.47 1.91 0.2475 (L) 0.316 (M) 0.4059 (M)

Ta_03_sx (left)* 1.83 15.39 5.34 20.98 19.11 1.85 Overtopped

Ta_04_dx (right) 2.93 13.89 4.03 26.04 36.20 1.71 0.2574 (L) 0.322 (M) 0.4257 (M)

Ta_05_sx (left)* 1.38 5.27 0.90 37.26 28.25 2.9 Overtopped

Ta_06_sx (left) 3.34 15.96 4.88 29.09 31.63 2.6 0.2871 (L) 0.360 (M) 0.4851 (M)

Ta_07_dx (right) 2.97 17.01 4.42 26.06 23.35 2.6 0.3168 (M) 0.405 (M) 0.5149 (M)

Ta_08_dx (right)* 2.73 16.65 4.48 24.09 23.70 4.2 Overtopped

Ta_09_dx (right) 2.74 14.45 3.54 27.28 25.99 2.4 0.3564 (M) 0.505 (M) 0.6436 (H)

Ta_10_sx (left) 2.67 17.08 6.6 24.08 30.42 1.7 0.2178 (L) 0.260 (L) 0.3465 (M)

Ta_11_sx (left) 2.3 15.54 5.34 24.87 22.65 1.9 0.2871 (L) 0.400 (M) 0.4851 (M)

Ta_12_sx (left) 3.62 20.48 4.66 21.50 27.52 2.7 0.2178 (L) 0.275 (L) 0.3465 (M)

Ta_13_sx (left)* 2.23 11.72 3.59 25.97 30.70 3.2 Overtopped

Ta_14_dx (right) 2.21 20.21 9.97 21.65 24.25 1.74 0.2079 (L) 0.2555 (L) 0.3465 (M)

Ta_15_sx (left) 2.77 14.82 5.56 30.33 29.47 2.0 0.2772 (L) 0.350 (M) 0.4752 (M)

Ta_16_sx (left)* 2.42 18.08 3.65 19.63 17.36 3.8 Overtopped

Ta_17_dx (right)* 2.88 17.35 4.89 23.50 26.56 3.14 Overtopped

Ta_18_dx (right) 3.01 16.80 3.58 23.83 25.23 2.71 0.3366 (M) 0.425 (M) 0.5644 (M)

Ta_19_dx (right) 2.51 14.35 3.38 22.56 27.05 2.39 0.3465 (M) 0.490 (M) 0.6337 (H)

Ta_20_sx (left) 6.14 35.56 4.92 19.39 25.03 4.48 0.1089 (L) 0.165 (L) 0.2376 (L)

Ta_21_dx (right) 2.21 14.59 4.31 27.16 20.19 1.32 0.2277 (L) 0.29 (L) 0.3564 (M)

*: overtopped levee 
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786 Table 3: Representative values of saturated hydraulic conductivity of different soil materials (Yu et 

787 al., 2015). 

788
789

790

791 Table 4: Typical values for the residual (�r) and saturated (�s) volumetric water contents and for the 

792 Van Genuchten model parameters, � and n (Van Genuchten, 1980), for different textural classes, 

793 deduced by Tuller and Or (2004).
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803 Table 5: Range of mv values for various natural soils (Domenico and Mifflin, 1965).

Soil type Volumetric compressibility, mv 

(KPa-1)

Plastic clay 2.1�10-3 ÷ 2.6�10-4

Stiff clay 2.6�10-4 ÷ 1.3�10-4

Medium hard clay 1.3�10-4 ÷ 6.9�10-5

Loose sand 1.0�10-4 ÷ 5.2�10-5

Dense sand 2.1�10-5 ÷ 1.3�10-5

Dense sandy gravel 1.0�10-5 ÷ 5.2�10-6

804

805

806 Table 6: Sensitivity of the seepage line to the parameters used in SEEP/W analyses, expressed as a 

807 function of the seepage line excursion at the landside toe of the levee, d.

Parameter

(Units)
Source of information

Range of 

variation

Vertical excursion of 

seepage line at the 

landward levee toe, d 

(cm)

Ks (m/s) USACE, 1993 10-9 ÷ 10-3 126

mv (KPa-1) Domenico and Mifflin, 1965 2.1x10-3 ÷ 5.2x10-6 78

a (m)
Water table depth map 

(Piedmont Region)
0 ÷ 10 48

H0 (m) Piedmont Region regulations 10 ÷ 50 14

808

809

810 Table 7: Ranges of variation of the equivalent critical durations deduced for the Tanaro River levees, 

811 for all the possible configurations of the burrow (for symbols see text).

Lb=¼ Ls Lb= ½ Ls Lb= ¾ Ls
Burrow Location

Dc,eq 

(hours)

D c,eq 

(hours)

D c,eq 

(hours)

A (1/6 Hs) 8.5 - 19.0 0.5 - 1.5 0.5 - 1.0

B (3/6 Hs) 7.0 - 16.5 1.0 - 2.0 0.5 - 1.5

C (*) (5/6 Hs) 9.5 - 13.5 2.5 - 6.5 2.5 - 5.0

(*) C burrow is analysed only for 6 levees out of 15

812

813

814

815

816

817

818

819
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820 Table 8: Seepage probabilities computed for the Tanaro levees, for different surmised burrow 

821 locations (A: hb=1/6Hs; B: hb=1/2Hs and C: hb=5/6Hs) and burrow lengths (Lb=1/4,1/2 and 

822 3/4Ls(hb)). The equivalent durations, Dc,eq, (in hours) and the vulnerability classes (L=low, 

823 M=medium, H=high) of the damaged structures are reported in brackets and can be compared with 

824 the vulnerability class of the intact structures for Dc=24 (No burrow).
Lb=1/4Ls(hb) Lb=1/2Ls(hb) Lb=3/4Ls(hb)

No burrow
A B C A B C A B CLevee 

code
Pc

Vulnerability 

class

Pc,eq

(Dc,eq (hours); Vuln. class) 

class Vulnerability class

Pc,eq

 (Dc,eq (hours); Vuln. 

class)

Pc,eq

 (Dc,eq (hours); Vuln. 

class)
Ta_01_sx 40.2% M

43.9%

(19;M)

47.4%

(15;M)

52.9%

(11;M)

79.9%

(1.5;H)

77.6%

(2;H)

65.8%

(5;H)

90.5%

(0.5;H)

90.5%

(0.5;H)

69.1%

(4;H)

Ta_02_sx 31.6% M
37%

(16.5;M)

41.6%

(12;M)
-

78.2%

(1;H)

78.2%

(1;H)
-

84.9%

(0.5;H)

84.9%

(0.5;H)
-

Ta_04_dx 32.2% M
48%

(8.5;M)

51.5%

(7;M)
-

85%

(0.5;H)

74.4%

(1.5;H)
-

85%

(0.5;H)

78.3%

(1;H)
-

Ta_06_sx 36.0% M
45.2%

(13.5;M)

48.6%

(11;M)
-

88%

(0.5;H)

77.9%

(1.5;H)
-

88%

(0.5;H)

81.4% 

(1;H)
-

Ta_07_dx 40.5% M
44.4%

(19;M)

47.1%

(16;M)

51.9%

(12;M)

77.5%

(2;H)

77.5%

(2;H)

63.2%

(6;H)

91.4%

(0.5;H)

84.2% 

(1;H)

67.5%

(4.5;H)

Ta_09_dx 50.0% M
55.6%

(18;M)

58.3%

(15.5;M)

61%

(13;H)

95%

(0.5;H)

83%

(2;H)

71.5%

(6.5;H)

95%

(0.5;H)

86.1% 

(1.5;H)

74.5%

(5;H)

Ta_10_sx 26.0% L
36.7%

(10.5;M)

40.2%

(8.5;M)
-

81.2%

(0.5;H)

73.6%

(1;H)
-

81.2%

(0.5;H)

81.2%

(0.5;H)
-

Ta_11_sx 40.0% M
42.6%

(17;M)

47.7%

(12.5;M)

51.9%

(9.5;M)

89.2%

(0.5;H)

81.9%

(1;H)

72.2%

(2.5;H)

89.2%

(0.5;H)

89.2%

(0.5;H)

72.2%

(2.5;H)

Ta_12_sx 27.5% L
34.9%

(13.5;M)

38.8%

(10.5;M)
-

82%

(0.5;H)

75.2%

(1;H)
-

82%

(0.5;H)

75.2%

(1;H)
-

Ta_14_dx 25.5% L
32.2%

(13.5;M)

35%

(11;M)
-

80%

(0.5;H)

73.4%

(1;H)
-

80%

(0.5;H)

80%

(0.5;H)
-

Ta_15_sx 35.0% M
44.2%

(13.5;M)

48,8%

(10;M)
-

87.9%

(0.5;H)

76.5% 

(1.5;H)
-

87.9%

(0.5;H)

80.3%

(1;H)
-

Ta_18_dx 42.5% M
46.9%

(18;M)

49.3%

(16;M)

52.9%

(13;M)

85.2%

(1;H)

78.4

(2;H)

63.8%

(6.5;H)

85.2%

(1;H)

81.5%

(1.5;H)

68%

(5;H)

Ta_19_dx 49.0% M
55.7%

(16.5;M)

57.5%

(15;M)

59%

(13.5;M)

89.5%

(1;H)

85.2%

(1.5;H)

71.5%

(6;H)

89.5%

(1;H)

85.2%

(1.5;H)

74.8% 

(4.5;H)

Ta_20_sx 16.5 % L
18.5%

(15;L)

23%

(12;L)
-

67.5%

(0.5;H)

47.5%

(2;M)
-

67.5%

(0.5;H)

51.6%

(1.5;M)
-

Ta_21_dx 29.0% L
35%

(15;M)

42%

(9.5;M)
-

75%

(1;H)

75%

(1;H)
-

83%

(0.5;H)

83%

(0.5;H)
-

825
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