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Introduction

Accurate prediction of dam breach parameters in embankment dams is an essential step in the risk
management plan. Overtopping and piping are the leading causes of embankment failure in the world.
The failure of this type of dam is typically proposed by hydrological and hydraulic computational
models of the dam (Wahl, 1998). The relationships for assessing the breach and flow characteristics
are generally obtained by artificial intelligence and regression analysis from case studies of historical
dam failure. These models relate the input parameters such as the dam height (Hw) and the flow volume
through the breach (V) to the observed breach parameters resulting from the actual failures. Several
relationships have been proposed to calculate Q, as a function of Hy and V., (De Lorenzo & Macchione,
2014; Hagen, 1982; Kirkpatrick, 1977; Singh & Snorrason, 1984; Hakimzadeh et al., 2014).
Downstream sediment transport studies show that breach geometry directly affects the output
hydrograph. Investigations on historical records for Qp determination show that H,, and V,, could
provide more accurate results than E; and E.. Moreover, the combination of these parameters
significantly increases computational accuracy (Thornton et al., 2011; Wang et al., 2018). Several
laboratory and field studies have been performed to investigate the hydraulic properties of the breach
and the output hydrograph in overtopping failure cases (Dhiman & Patra, 2017; Sadeghi et al., 2020;
Vaskinn et al., 2004). Determination of the average breach width (Bavwe) iS an essential factor in
determining progressive erosion (Von Thun & Gillette, 1990; Froehlich, 1995) as well as the height of
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breach (Hy). The range of variation in Baye as a function of the dam height (Hg) is an important issue in
the breach lateral evolution process (Johnson & llles, 1976; Singh & Snorrason, 1984).

Methodology

Multivariate nonlinear regression analysis was performed in the current study using IBM SPSS
Statistics software, in which 75% of the total data was used for training and the rest for validation
stages. Gene expression programming (GEP) as a branch of an evolutionary algorithm incorporates
both simple, linear chromosomes of fixed length similar to those used in genetic algorithms and
ramified structures of different sizes and shapes. The phenotype of GEP consists of the same kinds of
ramified structures created by GEP (expression trees) as the expression of an autonomous genome
(Ferreira, 2006). Using the GeneXproTools 5.0 software, this study initially normalized the data in the
range of 0 and 1, and identified the operators (x, /, and *) as suitable functions between the parameters
involved in the dam failure problem. As the findings showed, the best results were obtained in
multiplication for linking function, the number of chromosomes equal to 30, the head size equal to 8,
and the number of genes equal to 3.
So, before being introduced to the model, the data were divided into training and validation, equivalent
to 75% and 25% of the total data, respectively. The BREACH employed in this study is a physically-
based mathematical model developed by the National Weather Service (NWS) for predicting
embankment failures. A comprehensive dataset of historic breach records, including overtopping and
piping, was thus collected from various resources. Several granular physical models at different
geometrical and gradations were then breached in the laboratory, and the failure characteristics were
extracted. Along with other resources, hypothetical failures of 8 operating dams modeled with the
BREACH were used to study the Bave and H, more accurately.

Conclusions

The purpose of this experimental study was to investigate the main geometric properties of the
embankment breach and flow characteristics under repeatable and stable conditions that could lead to
improving the computational process. Experimental models with granular sand particles and different
technical specifications were thus used to study the breach and flow mechanisms due to overtopping.
Having compared the results with other data sources, the reseachers obtained the following outcomes:

1. Considering the lack of permanent availability of mechanical properties, the type and amount of
erosion of the dam materials are considered as the dominant parameter in the dam breach problem.
Therefore, due to low shear stresses in coarse particles, the rate of erosion needs less time to evolve
compared to fine aggregates.

2. The results of sensitivity analysis in determining the Q, for earthfill dams show that hydraulic
properties strongly influence this parameter; among the effective parameters, the highest and lowest
dependencies are attributed to Hw and E;, respectively.

3. The average breach width (Bave) plays a vital role in the breach expansion rate and the output
hydrograph. It is found that the By parameter has higher values in the rockfill dams compared to the
earthfill dams. Based on the observations in embankment dams, it is recommended that the Bave value
be in the range of 0.71Hy and 7.86Hy. Comparison of dimensionless ratios of Baye/B: and Bave/Bp
between the man-made embankments and natural landslide dams show higher values of the current
ratios in landslide dams which can be attributed to the large volume and length of the crest.

4. The height of breach (Hp) is an essential issue in the erodibility of the dam body and the transfer
rate of sediment to the downstream. The comparison of the dimensionless ratio of Hp/Hg between the
man-made embankments and natural landslide dams shows higher values of the current ratio in the
landslide dams which might be caused by the long breach formation time in these dams.
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Table 1- Technical specifications of laboratory models

Test Grading Hqg C Dso |Error|
No. No. (m ™) 0O qoemy mm) (%)
1 1 03 6.3525 383 002 23600 9
2 2 0.3 6.3525 37.6 0.02 1.9666 3
3 3 0.3 6.3525 3538 0.02 0.9670 5
4 4 0.3 6.3525 34.6 0.00 0.6000 8.5
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Hq: Height of the dam; S. Reservoir storage volume; ¢: Internal friction angle; C: Cohesion of the material; Dso: Median grain size
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Table 2- Historic failure records of embankment dams
cited by Wahl(1998), Wahl (2014), Xu and Zhang (2009), and Zhang et al. (2016)

No Vw Hw Ew Eil Hb Bt Bb Bave Qp Ver
' (x10°m%)  (m) (m m (m m (m (m  (m¥%) (m%

1 Apishapal:23 222 28 824 200 311 915 815 93 6850 o0
2 Baimiku? 0.2 8 - . 8 40 - - . -

3 BaldwinHillst3  0.91 122 596 198 213 - . 25 1130 31700
4 Bangiao®23 607.5 s o A0 25 a2 20 201 78100 -

5  Bayi?® 23 28 . - 30 45 35 40 5000 -

¢  Deawallow 00493 579 14 - 64 - - w2 - .

Lake

7 Belcit 12.7 155 378 400 - - . - 4700 1090
8  Big Bay 175 1359 204 200 1356 - - 832 4160 -

9  BilaDensal 0.29 107 296 170 - . . - 320 -
10 Bilberry! 0.32 236 625 800 - . . - 725 -
11 Bradfield: 3.2 2896 50 382 - . . - 1150 -
12 SpokhevenNooopa7 61w - el - .42 - 1070

2,
13 pUeloCreel® o484 1402 - - w4 153 o7 15 140 P00
14 BullockD. 074 305 - - 579 136 11 125 - 1350
15 Butlerk? 2.38 716 963 850 716 - - 625 810 .
16 Caulk Lake? 0698 111 3% - 122 - - 31 - 13700
17 Castlewood"23 617 216 474 180 213 549 335 442 3570 55700
18 Centraliat 0.013 55 101 40 - - - - 7 -
19  Chenying® 5 12 - - 12 - - - 1200 -
20 E;iaeg""ater 0466 405 15 - 31 - - 22.8 - 1290
21 Coedty?3 0.311 11 31 262 11 67 182 427 - .
22 Cougar Creek® 0.0298 11.1 21.7 - 10.4 - - - - -
23 Dalizhuang?® 0.6 12 - - 12 40 - - - -
24 D 58 1158 - - 119 213 154 183 510 6470
eservior=

25  Danghe?3 10.7 245 - - 25 9% 20 58 2500 -
26 Delhit 12.2 112 315 170 - - - - 1950 -
27 Dells? 13 183 - - 13 M2 - 5440 -
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No Vw Hw Ew Ei Hb Bt Bb Bave Qp Ver
) (x10°m3) (m) (m) (m _(m)  (m) (m) (m  (m¥) (md)
28  Dongchuankou® 27 31 - - 31 - - - 21000 -
29 Dushan? 0.67 17.7 - - 17770 - - - -
30  East Fork? 1.87 98 389 - 114 - - 17.2 - 7630
31  EkCity2? 1.18 9.44 504 564 914 455 277 366 6098'7 16900
32 Emeny? 0.425 6.55 - - 823 22 - 10.8 - 1970
Euclides de 72600
3B e - 58.22 - - 53 131 - - 1020 0
34  Erlangmiao®? 0.196 9 - - 9 36 1.6 18.8 - -
35  Fengzhuang®® 0.625 8 - - 8 40 30 35 - -
36  Fogelman? 0.493 11 213 - 126 - - 7.62 - 2050
g7 FP&L Martin 125 s09 217 M0 - - - 250 -
Plant 0
38 Frankfurt>? 0.352 8.23 - - 975 92 48 6.9 79 1290
39 Fred Burr®3 0.75 102 308 100 104 - - - 654 -
40 E;enrljci?]gL 23 3.87 853 343 350 142 41 138 274 929 13800
41 Frenchman® 23 16 108 373 600 125 67 544 546 1420 28400
42 Frias® - 15 - 622 15 62 - - - -
43 Goose Creek?? 10.6 1.37 - - 41 305 223 264 565 1070
oK
44  SrandRapids 0.025 64 148 441 64 122 6 19 75 -
45  Gouhou?? 3.18 44 - - 48 138 61 995 2050 -
46 Haas Pond® 00234 299 167 - 396 - - 10.7 - 708
47 Hart2? 6.35 107 311 - 108 1%6' 412 739 - 24800
48 Hastbergal 30 735 127 200 - - 600 -
49 Hatchtown? 23 14.8 168 448 2338 183 180 140 151 3080 16300
50  Hatfield® - 6.8 - - 6.8 - 61 915 3400 -
51  Hebron??3 - 1219 37 - 153 61 304 457 - 30800
L2 175. 55500
52 Hell Hole 2 30.6 31 103 470 564 i 669 121 7360 5
53 Herrin® - 107 288 - 107 - - 47.2 - 14500
1,2,
54  Horse Creek 128 701 268 701 128 762 70 731 3890 20500
55  Hougou® 0.24 8 - - 8 - - 20 - -
56  Houshishan?3 0.22 16 - - 16 45 15 30 - -
57 Hugitang?3 0.424 5.1 - - 9 12 3 75 50 -
5 Hutchinson 117 442 14 - 37 - . 334 1750 -
Lake
s9 Wb 0333 442 - 305 457 - - 168 - .
rocessors
60 Ireland No. 53 0.16 381 18 370 518 - - 135 110 1260
61  Jacobs Creek® 0.423 20.1 - - 21.3 - - 21.3 - -
62 Jiahezi® 42 12 - - 18 181 - - - -
63  Johnston City>® 0575 305 215 - 518 134 2 8.23 ; 673
64  Johnstown 2 18.9 246 64 284 244 128 61 945 8500 68800
1,2,
g5 Kelly Barnes 0777 113 194 80 128 35 18 273 680 9940
66  Kodanagar® 12.3 11.5 - - 115 - - - 1280 -
67 Srafismens 0177 366 81 - 32 - 7Y 1
68  LaFruta® 78.9 7.9 40 - 14 - - 58.8 - 32900
69  Lake Avalont3 315 137 427 370 146 - - 130 2320 81000
70  Lake Frances? 3 0.789 14 47.4 - 17.1 30 10.4 18.9 - 12400
71 Lake 0.68 671 198 - 792 - - 16.8 - 2630
Genevieve
72 Lake Latonka®® 4.0 6.25 - . 869 495 289 392 290 9540
73 Lake Philema?® 4.78 9 28 - 853 - - 47.2 - 11300
74 Lambert Lake? 0.296 12.8 53.9 - 14.3 - - 7.62 - 5870
75  Laurel Runt3 0.555 141 405 160 137 - - 351 1050 19500
76  Lawn Lake? 0.798 6.71 - - 762 - - 222 510 2400
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No Vw Hw Ew Ei Hb Bt Bb Bave Qp Ver
' (x10°md) (m) (m) (m) (m) (m) (m) (m  (m¥s) (md)
77 Lily Lakel® 00925 335 132 60 366 - - 108 71 -
78 Lijiaju? 114 25 - - 25 . - ; 2950 -
79 Liujiatai® 40.54 35.9 - - 359 - . - 28000 -
: .
go LitleD. Creek 1.36 229 631 400 271 499 93 296 1330 50600
g1 LOn9B. 0284 317 113 - 366 - - 9.14 - 378
Canyon
82  Longtund 30 9.5 - - 9.5 181 - - - -
83  Lower Latham® 7.08 5.79 - - 701 - - 792 340 14300
84  LowerOtay:23 493 396 533 172 396 172 938 133 15800 10800
_—
g5 LT Medicine 19.6 113 333 35 113 8 50 67 1800 71800
86 Lyman?? 35.8 16.2 - - 198 107 87 97 - 71900
87  Lynde Brook?3 2.88 116 418 - 125 457 153 305 - 15300
88  Mahe? 23.4 195 - - 195 - - - 4950 -
89  Mammoth? - 21.3 - - 213 - - 92 2520 -
9  Melvile2? 24.7 7.92 3 - 975 40 256 328 - 10600
91  MerimacDam® 00696 344 175 - 305 - i 14.2 - 758
92 Mossy Dam? 413 344 143 - 305 - - 415 - 2040
93 Nahzille? - - - 130 503 671 671 671 - -
94  Niujiaoyu? 3 0.144 7.2 - - 72 20 6 13 - -
95  Ofter Lake?? 0.109 5 206 - 61 171 15 9.3 - 1170
96  Orost 23 660 358 110 280 35 200 130 165 9630 76800
g7 blerce 407 808 305 - 869 - . . . .
Reservoir
98  Porter Hill* 0.015 5 12 80 - , . ; 30 .
99  Potato Hill23 0.105 7.77 - - 777 262 68 165 - -
100  Prospect® 23 3.54 1.68 13.1 - 442 914 854 88.4 116 5120
101  Puddingstone3  0.617 152 43 420 152 - - - 480 -
102  Qielinggou® 0.7 18 - - 18 - - - 2000 -
103  Quail Creek:2®  30.8 167 566 - 213 - - 70 3110 84400
104  Rainbow Lake? 6.78 10 282 - 954 - - 38.9 - 10500
105 RenegadeR. 00139 317 11 - 366 - - 229 - 92
Lake
; .
106 RloManzarest 5547 457 133 75 732 19 76 133 83 1200
107  Salles Oliveira® 715 84 - . 3% - - 168 7200 0%
L2s 22700
108  Schaeffer 1.2 4.44 305 808 33 305 210 64 137 4500 0
109  Scott Farm?3 0.086 10.4 - - 119 15 15 15 - 7020
110  Shanhu?? 1.78 125 - - 13 58 24 41 - -
111 Shangliuzhuang g 4 14 - - 14 30 - - - -
112 Sheep Creek?? 0.91 14.02 - - 171 305 135 22 - -
113 Shilongshan® 2.06 14 - - 14 50 - - - -
114  Shimantan® 23 117 27.4 - - 258 446 288 367 30000 -
115  Sinker Creek? 2 3.33 2134 - - 213 92 492 706 - 84100
116 S Fork 00037 183 - - w4 - . - 12 -
117 Spring Lake% 23 0.136 5.49 - - 5.49 20 9 145 - 612
118  Statham Lake2®  0.564 5.55 - - 512 238 182 21 - -
119 Swift23 37 4785 - 226 57.6 225 225 225 24947 20800
120 Teton2? 30 774 250 - 869 - - s esio P
121 Tiemusi® 0.11 12 - - 12 60 - ; - -
122 Tongshuyuan® 0.4 10 - - 10 30 - - - -
123 Trial Lake?? 1.48 5.18 - - 518 252 168 21 - -
124 Trout Lake® 0.493 853 216 - 853 - - 26.2 - 4830
125  Upper Pond? 3 0.222 5.18 - - 518 254 7.6 16.5 - -
126  Wanshangang?® 3 15 12 - - 12 50 30 40 - -
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No Vw Hw Ew Ei Hb Bt Bb Bave Qp Ver

' (x10°m?) (m) m (m (m (m (m) (m __ (m¥%) (m
127 ydend o, 116 12.2 . 137 46 41 34 - 14600
128 ‘(Va'li';;f‘sm 053 357 132 - 372 - - 29 - 1420
129 Winston? 0.662 64 776 133 61 213 183 198 -
130  Yuanmen? 6.4 19.2 - 19.2 - - - -
131 Zhonghuaju® 0.14 16 - 16 - - - -
132 Zhugou?3 1843 235 - 235 159 110 135 11200
133 Zuocun® 40 35 - 35 - - - 23600

Vw: Reservoir storage volume above breach; Hw Height of water above breach; Ew: Average embankment width;
Ei: Embankment length; Hy: Height of breach; Bt: Top width of breach; Bp: Bottom width of breach;
Bave: Average breach width; Qp: Peak outflow discharge; Ver: Eroded volume
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Fig. 2- Dispersion curve of observed versus calculated values to determine Qp
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Table 3- Relationships presented to determine the peak output flow based on the Hw, Vw, Ew, and E;

Equation

NoO Equation Researcher RMSE R2
(6) Qp=3.9031E,*% Wang et al. (2018) 5197.04 *
7 Q,=0.8041E, 21128 Wang et al. (2018) 2211.74  0.26
(8) Qp=0.1413 E,>*675E,,1 857 Wang et al. (2018) 2250.72  0.19

(9) Qp:002174 Vw0'4738HW1‘1775(E|+ EW)0.17094

(10) szo-863Vw0'335Hw1'833EW'0-663
(11) Q=0.012V,,24%3H,, 1 205 0226

Gupta and Singh (2012) 112056  0.76
Thronton et al. (2011) 910.96 0.83
Thronton et al. (2011) 132426  0.72

Qp: Peak outflow discharge; Ei: Embankment length; Ew: Average embankment width; Vw: Reservoir storage volume
above breach; Hw: Height of water above breach; RMSE: Root mean square error; R?: Correlation coefficient;

*: Undefined value
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Table 4-- Results of sensitivity analysis of various input parameters of Equation (5)

Training data

Validation data

Fitness Rz Fitness R*> Vv, Hs, E Eu
818.933 035 808.78 0.32 v x x x
859.34 0.64 85038 0.60 «x v x x
788.13 x 78226 - x x v x
809.01 024 84045 056  «x x x v
918.66 091 76043 09 v v x x
83451 047 78882 033 v x v x
849.26 057 858.68 0.94 4 x x v
916.92 090 79744 0.95 v v v x
858.026 0.63 856.92 0.98 4 x v v
93831 094 86473 0.95 4 v x v
860.21 0.64 876.24 0.74 x 4 v x
864.78  0.67 84363 0.5 x 4 x v
864.81 0.67 827.09 043 «x v v v
809.28 0.25 86305 070 «x x v v
93578 094 90077 08 v v v vV

Vw: Reservoir storage volume above breach; Hw: Height of water above breach;
Ei: Embankment length; Ew: Average embankment width; RMSE: Root mean square error; R? Correlation coefficient;

*: Undefined value
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Fig. 3- Instantaneous development of the breach geometry (Experiment No. 6)
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Table 5- Name and specifications of the embankments, used as case study

No. Dam name S(x10°m%) Hg(m) E(m)  Hpy(M) Bawe(m)
East Azarbaijan
1 Alavian 60 76 935 63.75  166.92
2 Germichay 40 85 730 54,77  145.07
3 Ghaehchay 40.3 85 336 65.64  172.07
4 Leilanchay 40.6 84 360 55.55  146.99
West Azarbaijan
5 Jaldian 1.2 33 222 21.56 61.71
6 Nazlou 170 99 530 86.60 221.23
Ardabil
7 Alamdar 0.32 22 327 15.71 46.19
8 Ghoricahy 18.07 26 548 23.86 66.60

S: Storage volume; Hqg: Height of dam; Ei: Embankment length; Hb: Height of breach; Bave: Average breach width

GEP sy oo 58 <5 S yg)li 4 gy o S S 39-1 Joo
Table 6- Features of genetic operators in the GEP model

Genetic operator Value Genetic operator Value
No. of chromosome 30 Mutation coefficient 0.044
No. of gene 3 Transposition coefficient 0.1
Head size 8 One and two point 0.3
recombinations
RNC mutaion coefficient 0.01 Gene 0.1

recombination/transposition

RNC: Random numerical constants
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Table 7- Characteristics and statistical distributions of Equation (14)

Training Validation
Bi(m) Bo(m)  Bae(m)  Bim) Bo(Mm)  Bave(m)
Ave. 74.87 43.62 58.04 78.20 43.99 59.87
Max. 446 288 367 372 210 291
Min. 0.88 0.32 0.64 1.18 0.44 0.85
STD 87.11 56.73 68.81 92.80 54.38 70.90
CcVv 1.16 1.30 1.18 1.19 1.24 1.18

Bt Top width of breach; Bp: Bottom width of breach; Bave: Average breach width; Ave.: Average value;
Max.: Maximum value; Min: Minimum value; STD: Standard deviation; CV: Coefficient of variations
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Fig. 5- Dispersion curve of observed versus

calculated values to determine Hp
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Table 8- Characteristics and statistical distributions of Equation (21)

Training Validation
Hw(m)  Hp(m)  Hw(m)  Hy(m)
Ave. 14.27 15.45 15.34 16.35
Max. 77.40 86.9 81.61 86.61
Min. 0.27 0.285 0.27 0.29
STD 14.60 15.36 15.48 17.08
CVv 1.02 0.99 1.01 1.04

Hw: Height of water above breach; Hp: Height of breach; Ave.: Average value;
Max.: Maximum value; Min: Minimum value; STD: Standard deviation; CV: Coefficient of variations
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