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Prediction of Crest Settlement of Center Cored Rockfill Dam using an Artificial Neural Network Model
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ABSTRACT

In this study, the settlement data of 32 center cored rockfill dams (total 39 monitored data) were collected and analyzed to develop
the method to predict the crest settlement of a CCRD after impounding by using the internal settlement data occurred during
construction. An artificial neural network (ANN) modeling was used in developing the method, which was considered to be a more
reliable approach since in the ANN model dam height, core width, and core type were all considered as input variables in deriving
the crest settlement, whereas in conventional methods, such as Clements's method, only dam height is used as a variable. The ANN
analysis results showed a good agreement with the measured data, compared to those by the conventional methods using regression
analysis. In addition, a simple procedure to use the ANN model for engineers in practice was provided by proposing the equations

used for given input values.
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Table 1 Summary of CCRD data used in this study
No. Name Location Year Dam Core width Core Height, H Length, L Ratio Slope Slope
Completed Zoning (W/H) type (m) (m) L/H ) D)
1 Bradbury USA 1953 41,1 0.5-1.25 SC/GC 85 1022 12 3.25 2.25
2 Glenbawn (M) Australia 1957 51,0 0.5-1.25 CL 76.5 823 10.8 3-4 2.5-5
3a Upper Yarra Australia 1957 5,0,0 0.5-1.25 CL 90 610 6.8 2.4 2.4
3b Upper Yarra Australia 1957 5,0,0 0.5-1.25 CL 90 610 6.8 2.4 2.4
4 Tooma Australia 1961 4,12 0.5-1.25 SM 67 305 4.6 2.5 2.25
5 Eppalock Australia 1962 52,0 0.5-1.25 CL 47 700 14.9 1.9 1.65
6 El Infiernillo Mexico 1963 52,0 <0.25 CL/CH 148 344 2.3 1.75 1.75
7 Burrendong Australia 1963 421 0.5-1.25 CL 76 1130 14.9 2.5 2.25
8a Netzahualcoyotl Mexico 1964 52,0 <0.25 MH 132 480 3.6 2 2
8b Netzahualcoyotl Mexico 1964 52,0 <0.25 MH 132 480 3.6 2 2
9a San Luis (M) USA 1967 42,1 >25 CL 116 5650 48.7 3-8 2.25-6
9% San Luis (M) USA 1967 421 >2.5 CL 116 5650 48.7 3-8 2.25-6
10 Blowering Australia 1968 52,0 0.25-0.5 SC/CL 112 808 7.2 1.9 1.9
11 Parangana Australia 1968 52,2 0.25-0.5 SM 53 189 3.6 1.33 1.33
12a Wyangala Australia 1968 52,0 0.25-0.5 SC/SM 86 1510 17.6 1.5 1.6
12b Wyangala Australia 1968 52,0 0.25-0.5 SC/SM 86 1510 17.6 1.5 1.6
13 Talbingo Australia 1970 52,0 0.25-0.5 CL 162 701 4.3 2 2
14 Shimokotori Japan 1972 51,0 <0.25 GC 119 289 2.4 2.4 1.85
15 Soyanggang Korea 1972 51,1 <0.25 SM/SC 123 530 4.3 2 2
16 Copeton Australia 1973 52,0 0.25-0.5 SC 113 1484 13.1 1.7 1.8
17 Maroon Australia 1973 52,2 0.5-1.25 SC/CL 52 460 8.8 1.5 1.5
18 Fukada Japan 1976 4,12 0.25-0.5 GC 55.5 340 6.1 2.75 2.75
19 Andong Korea 1976 51,1 <0.25 SW/SM 83 612 7.4 2 1.7
20 Googong Australia 1977 52,0 0.25-0.5 SC 62 423 6.8 1.8 1.7
2la Dartmouth Australia 1978 52,0 0.25-0.5 SC/SM 180 670 3.7 1.75 1.75
21b Dartmouth Australia 1978 52,0 0.25-0.5 SC/SM 180 670 3.7 1.75 1.75
22 Tedorigawa Japan 1978 52,0 <0.25 GM/GC 153 420 2.7 2.6 1.85
23 Chaffey Australia 1979 52,0 0.25-0.5 CH/GC 54 530 9.8 1.75 1.75
24 Chicoasen Mexico 1980 52,0 <0.25 GC 261 463 1.8 2.35 2
25 | Split Yard Creek Australia 1980 52,1 0.25-0.5 CL 76 1141 15 1.75 1.8
26 Frauenau Germany 1981 52,0 <0.25 SM 80 670 8.4 15 15
27a Wivenhoe Australia 1982 52,1 <0.25 CL 59 1200 20.3 1.75 1.75
27h Wivenhoe Australia 1982 52,1 <0.25 CL 59 1200 20.3 1.75 1.75
28 Windemere Australia 1984 52,1 0.25-0.5 CL 67 825 12.3 1.65 1.55
29 Glenbawn (S) Australia 1986 52,0 0.25-0.5 CL 35 585 16.7 1.5 1.5
30a Juam (M) Korea 1992 51,0 <0.25 SM/SC 58 330 5.7 2.2 1.8
30b Juam (R) Korea 1992 51,0 <0.25 SM/SC 99.9 562.6 5.6 2.2 1.8
31 Imha Korea 1993 51,0 <0.25 SC/CL 73 515 7.1 2 2.2
32 Boryeong Korea 1998 51,0 <0.25 CL 50 291 5.8 2.2 1.9
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Table 2 Relative settlement (settlement/dam height) of CCRD during and after construction
) Dry Density (t/n) Internal settlement Crest settlement
No. Name Height, H (m) - References
Core Rockfill mm %H mm %H years

1 Bradbury 85 1.81 720 0.85 215 0.25 44 4)

2 Glenbawn (M) 76.5 2425 3.17 760 0.99 27 4)

3a Upper Yarra 90 2.05 2.08 2380 2.64 533 0.59 41 4)

3b Upper Yarra 90 2.05 2.08 2190 2.43 533 0.59 41 4)

4 Tooma 67 1.72 1527 2.24 121 0.18 38 4)

5 Eppalock 47 1.73 2.05 1015 2.16 510 1.09 37 4)

6 El Infiernillo 148 1.59 1.76-1.85 3815 2.58 1190 0.8 17 4)

7 Burrendong 76 2.05 1795 2.36 330 0.43 34 4)

8a Netzahualcoyotl 132 1.65 2970 2.25 596 0.45 5.6 4)

8b | Netzahualcoyotl 132 1.65 2970 2.25 760 0.58 2.75 4)

9a San Luis (M) 116 2120 1.83 415 0.36 30 4)

9 San Luis (M) 116 3060 2.64 415 0.36 30 4)

10 Blowering 112 2.06-2.07 5875 5.25 1180 1.05 28 4)

11 Parangana 53 351 0.66 111 0.21 26.5 4)

12a Wyangala 86 2.02 2.12 1530 1.78 376 0.44 31 4)

12b Wyangala 86 2.02 212 1550 1.8 376 0.44 31 4)

13 Talbingo 162 1.84 1.92-2.07 2410 1.49 540 0.33 28 4)

14 Shimokotori 119 3850 3.24 542 0.46 13 4)

15 Soyanggang 123 1.93 1.84-1.98 2000 1.63 418 0.34 34 6)

16 Copeton 113 1.76 1.87-1.99 3575 3.16 781 0.69 25 4)

17 Maroon 52 1120 2.15 269 0.52 20 4)

18 Fukada 55.5 755 1.36 130 0.23 7 4)

19 Andong 83 2.1 1.92 1040 1.25 482 0.58 29 6)

20 Googong 62 1180 1.9 233 0.38 13 4)

2la Dartmouth 180 1.87 2.1 3220 1.79 1189 0.66 20 4)

21b Dartmouth 180 1.87 2.1 7070 3.93 1189 0.66 20 4)

22 Tedorigawa 153 1.9 1.98 5860 3.83 675 0.44 9 4)

23 Chaffey 54 1.86 2.02 911 1.69 149 0.28 17.5 4)

24 Chicoasen 261 6650 2.55 849 0.33 0.75 4)

25 | Split Yard Creek 76 171 2 1320 1.74 329 0.43 19 4)

26 Frauenau 30 1254 1.57 150 0.19 3 4)

27a Wivenhoe 59 1.98-2.2 1085 1.84 181 0.31 16 4)

27h Wivenhoe 59 1.98-2.2 840 1.42 181 0.31 16 4)

28 Windemere 67 2.15 2134 3.19 405 0.6 14 4)

29 Glenbawn (S) 35 2.12 508 1.45 225 0.64 12 4)

30a Juam (M) 58 1.9 2.069 470 0.81 810 0.371 15 6)

30b Juam (R) 99.9 1.97 1.9 1150 1.151 1151 0.579 15 6)

31 [mha 73 2.03 1.92-2.12 672 0.921 921 0.29 16 6)

32 Boryeong 50 2 1.9-2.0 32.4 0.448 648 0.402 8 6)
3% 4): Hunter (2003), 6): K-water (2005)
Journal of the Korean Society of Agricultural Engineers, 54(4), 2012. 7 75



Il. ASXI=E 0
HE =4

26t CCRDO| £% M. 59 |5}

Table 1= 671=2] CCRD FolA 2 59 Wiskd 2
T $o AR ASAErE gEE 3270 CCRDY| Higt
HFS Uendc). 3a, 362} 20| 2L SRl a%h b2 EAH
AE 2 Hoa dio] thE A9-E Yu|dth. Dam Zoning
of vgdel =&k Al A=
Embankment filter classification, Foundation filter classification
< YeRAth Embankmant zoning categoryollAl 49} 5+ z8zh
Zoned earth and rockfill dam % Central core earth and
rockfill dame &Jn|stc} Filter classification®lA] 02 No filter
drains present, 1-& One filter present, 2+= Two (or more)
filter zones presentE YWeRHtE o]& E°] Bradbury dam®]
A4S 4,1, 13} 20| A3 gt o] $A= © Fjo] EH
AEmoE Heh AF] sht @ 7]%o] shby AEe] ol
= B%E Yuigit.

Table 2= CCRDE] 7d S A

Z¥7; Embankmant zoning category,

o] A sl (Hst

/9 =o)s UeRd Aol 141_,_%8}& (Internal settlement)
= 9 E2 F AA dRelA ARt Mskske] HHAE onlst
I ARASEEF (Crest Settlement)S B4 & AA|Q] A
A Ayt AgRAstEke] Mg uisi, AS77ke FEA
stFe] 4] (mm) ¥ © =o|= v AiRlskd (%H) g
A #7)5k5ct.

1. ® =0[0] ME &st 59

CCRDOIA ] Hatatels et AlSe F2 Al Az
2l ST o] HERE Ao AR AlFAl ¥4
o] S| ASS AlpdRie AREEE 5T ¢ Sl
TR GME AFIERE HE Fof WA ke Ak
AL PRy $a%t Xwrt Aok

CCRD €5 o URkor HPES gaspAit 3], 5

=
o

Fig. 1 AFd9] io]ﬂ ARA sk A S vERd A
ojn ofg] AfAEe] AHAEE o8dt] ARASKFS A
Sh= 341 Aokt Bf Qlc} (Lawton and Lester, 1964; Sowers
et. al., 1965; Soydemir and Kjaernsli, 1979; Clements,
1984). Lawton and Lester (1964)& 1171 SZHe| A} A}

76

300

—— Lawton(1964)
— =—Sowers(1965)
Clements( 1984)

A (03years)

[ (4-10years)

Q (11-44years)
= = t,(0-3y mean)
== = t(410y mean)
= = t(11-44y mean)
e Total mean

Height (m)
5]
o

<)
1S}

0.0 0.5 10 15 20
Crest settlement (% H)

Fig. 1 Dam height vs, crest settlement

W ool Halerate] WAl s=0.001 H?9] @A 9lom,
Sowers et al. (1965)2 147l E2do thst 2AHET} AE =
10497ke] & #sleF s=0.25~1 %o TAPF i dA71zE
o] Yok AH=alog ta-log t)(a=0.2~0.7)2 A
< Aljtsteirt.

Soydemir and Kjaernsli (1979)+= 487 2 o] st ZA}
i} ARk thet 242 Alo® A’k

s=BH (1)
o714, s BRI (m), B A, 6= A%, Hie | £0]

o, o509 At vtk TR ARy W W AL
g o ¥ ?l AT 2 o] Ay ol wet A
FE o]F9lom CCRDY AHA skl gt ¢+4+= Clements

(1984)] AOHH A4 =ik
Clements (1984)= U518 47glo] HRgslere o
23} 2 Ao ekl 4 9SS Aol

s=p'H ©)

o714, s ARASE (m), p= AG (2x107'2 F8), §'=
A4 (28 48), He= 9 0] (m)

Fig. 1014 A&, 3270 CCRDY ASAIRE Y4 2% (0
~39) Y e 3 4109 A 11~449 A3 502 37
A EYoR rEsto] EAJSIG on o]59] Wtk AXlslo]
AAORE FABFYLL (1 ~t3 FX), AAS Hghe a2 A4
(T)o= FABFAT. Fig. 12 XM Lawton and Lester (1964)
2 Clements (1984)2] At A& GRS It A&S3S
& = 9lor Sowers (1965)9] ARk ©= & 109 73 39
ARAsERE Y W2 diSsto] 284 FHolA ozt

—_

Fasotel=ad Al54d A4, 2012



o

24 . 7]

ok

= o
T‘-Q—}E}T:

EMET Qles o 4 Qlok g, 327) CCRDO A58k
A Bt AAdE AvEE AR 100 m g0l 9ol

i)
6=
o
o1 ©

CCRDOIA thiiie] Wk AM7KE Sl Waysin
Fol= S Gk SR Hsph o Aokee A
Apgtol et A4 Aashs A5 B2k Fig. 2% 3270 9
of WRslgat ARSI B L) AR thee)
Hoz vehd 4+ 9

82}

o == 3
e

O

Crest settlement = 0.213XInternal settlement 3)

(Concrete Faced Rockfill Dam, ©|a} ‘CFRD’gt $F
AR WiAske] 0.247H) e Hardt
CCRD] 7% CFRDO| B[] WiateFo] A WA o
Fol ARAslES YRsiee] 0.2138) =2 CFRD Hih=
Cha 2k Ao g vyt

T T
Y=0.213X, R*=0.851

Crest settlement (%)

7 — —®
2 (I»@,@ — ,,,%,,,,,,,,,,,,,,,,,,,
Q=

Internal settlement (%)

Fig. 2 Crest settlement vs. internal settlement

Il QIZAAY J|#E 0|83 CCRDY X H.

71 A

rir

AUFAAELE Q7] & FLxof| A ShEELL ZHAE]
=3 (neuron) &

o) $4AAS BARE FFe BYRA

)

Journal of the Korean Society of Agricultural Engineers, 54(4), 2012. 7

LE (node)2 &E2= DA 7HA (simple processing unit)
2 o|Fo|A] Qlt}. 7 B YD gt A4k EE &
A4a17] (connection)g= Foto] thy o] JEE st
= A7iAlele} of7|A, dAEE e kERRE the
LERo HH 328 ousht VAl AduEE Fok] &
FEH, At o 7gAr EE oY 4lagho] the ol
At durdog QFAAEYS AEEs Alvis 9483
(input layer), ¥t & Apo]9] H43t BAIE Yetl= 2
Y5 (hidden layer), 2|2 &35 (output layer) 2.2 o]
Zlct,

2 oA E A BES SRisket 7Y Eol AR
B3l Q= dAAnt &18]E (Backpropagation Algorithm)< Af
SHut darejE AFAEY HES S5Al7|=|

A dAE ARA ok A Qg IS ol8sko

Kolo] AARES 245 He (Fig, 3 22), FLGE A8
g el et et whed 2 ool A8E Aggt
S Sigmoid FRRA, HAE TR QIBAAY B B
P ol AMEIRL Qi sholet,

AW 71HE AANESA AAZ TeR 43
3 SHSSH Qg W7ot SARPY Foldl dE-%
EHZoR Al e Aesine )R] SA/s)
S wrh oha BEHols AAHelA ke Bl
43 4 84S Mol Aoz I

o
p64 S
e ASAEE viEoR ATAET 71HS 285t CCRDY
H =]
-

<)
ot
+
f
N

Effects —— Target variables

v

y v oy
R

Output variables

Training cases

Causes ———» Input variables

Fig. 3 Schematic diagram of a supervised learning algorithm
(Shin, 2001)

77



78

Number of training pattern (20 data sets)

START

Given the number of input variable (I)

!

Set the Inltial number of
neurons(H_I)

and the maximum number

of neurons(H_u)

Training pattern was randomly
selected from the avallable data
sets (30 data sets) and divied into
five subsets

Calculation N_w

Initiallze

the weights
to random
small value

Initialize the welghts connect
the newly added neuron
to random value

Traln the network using
four of flve data sets and
use the rest for testing

INDEX

H,=12

H, = (Nyam—11/(1+2)

EC, = log (SSE"ram /[ Niram - Nul)
+ log (SSE"es / Niest)

Y EC,

Ect-1

5 =15
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SSE"yram : the training sum square error,
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Niest : the number of testing pattern,
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H=H.u no
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Fig, 4 Flow chart for the cross—validation method (Kim and Kim, 2008)
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Table 3 Artificial neural network models used in this study

Model Input variables
Model 1| Dam height, Core width
Model 2 | Dam height, Core width, Core type
Model 3| Dam height, Core width, Dam length to height ratio (L/H)
Model 4 | Dam height, Core width, Core type, Dam length to height ratio (L/H)
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Fig. 5 Measured and predicted RCS for four ANN models
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Table 4 Sensitivity analysis results for Model 3
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Fig. 6 Measured and predicted RCS for ANN and regression
models
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Table 5 Statistics for ANN and regression model errors

Model Statistics for model errors
Mean (%) | Standard Deviation (%) | RMSE (%)
ANN (Model 3) 0.148 0.079 0.184
Clement Theory 0.184 0.149 0.232
Suggested Equation 0.225 0.147 0.265
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