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Estimation of Earthquake-Induced Crest Settlements of Embankments
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Abstract: Problem statement: Freeboard requirement, a major consideration m design of
embankment dams, is controlled to a great extentthey crest settlements during earthquakes.
Approach: The parameters that influence earthquake indupest settlement had been studied using
152 published case histories on performance of ekrhant dams during earthquakBesults: Based

on the results a correlation had been proposedlitaining preliminary estimates of earthquake-
induced crest settlements. The correlation usedati® of the peak horizontal ground acceleratiod a
the yield acceleration as the estimat®onclusion/Recommendations. The database analysis also
indicated that crest settlements are larger whieeefindamental periods of the embankment were
similar to the predominant periods of the earthguakarthquake magnitude and the vertical
component of earthquake ground motion, on the dtlaed, appeared to have a small influence on
crest settlement.

Key words: Peak horizontal ground acceleration, dams, embanteneearthquake, fundamental
period, predominant period

INTRODUCTION above the slip surface) to be rigid plastic wherigas
reality the soil is flexible. Also contrary to the
Earthquake-induced deformations of embankmenassumption of these methods that the cohesive-
dams are commonly estimated from the sliding blocKrictional strength between the sliding wedge ahd t
procedurE®. In this procedure the yield acceleration, soil mass below do not degrade with continued
a, or the horizontal seismic coefficient that gives earthquake shaking, loose or soft soils tend téesof
pseudo static limit equilibrium factor of safety wfity  during earthquakes because of development of pore
against slope failure is first estimated from pseud water pressure. Another difficulty with the use of
static slope stability analyses. The pseudo sttipe sliding block method is the need for a suite ofigles
stability analysis is essentially an extension ofearthquake acceleration time histories, which, amyn
conventional, static stability analysis in that it cases, is not available. Nevertheless because eof th
approximately accounts for the inertial effectsusyng  simplicity of these methods, they often are the
inertial forces in proportion of horizontal and tiesl  procedures of choice in a preliminary design priojec
seismic coefficients depending on the ground Semi empirical or performance-based charts have
acceleration levels representing the design eaateju been developed, e.g., Singit al.® for obtaining
In the sliding block approach the permanentpreliminary estimates of permanent,
deformation is estimated for a particular earthguak earthquake-induced deformation of earth dams and
acceleration time history by identifying the time embankments from the results of limit-equilibrium,
intervals over which the down slope earthquakepseudo-static slope stability assessment in siosti
acceleration exceeds, and doubly integrating the where site specific design earthquake acceleraitios
difference between the down slope earthquakdistories are unavailabBté?**®! The procedure
acceleration and yaover these intervals considering developed by the Hynes-Griffin and FranKith for
rigid plastic material behavior and inertia-relatedinstance, extends the Newm&rk sliding block
overshooting. A slope is usually assumed to belestab method relating the deformation of dam sectionhi t
during earthquakes if the estimated down slopeatio of yield acceleration, aand the peak horizontal
deformation is smaller than 1 m. ground acceleration at dam base,abased on
As in pseudo static method, the sliding blockstability assessments of slopes for a large nurolber
method assumes the sliding wedge (the volume ¢f sohatural and synthetic earthquake acceleration time
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histories. Singhet al.*!, on the other hand, related expected to be smaller for embankment dams
permanent down slope deformation {fag. based on constructed with or underlain by stronger mateyidie
dam performance observations from past earthquakes.approach did not consider material strength as a

Unfortunately, these procedures based on th@arameter of significance. Possible influence o th
sliding block approach are generally silent abdwt t relationship between the fundamental period of the
physical significance of the representative permane structure and the predominant frequency of the
down slope displacements. Assuming the down slop&arthquake on crest settlement was also not examine
displacement to align with the average inclinatiéthe In this article an attempt has been made to iflenti
base of the critical slip surface, crest settlermntld  the parameters that influence earthquake-relatedt cr
however be roughly estimated from the down slopesettlement,A and develop a simple procedure for
displacement obtained from the sliding blockestimatingA. The study is based on observational
proceduréd”. The confusion in this regard can be records on performance of embankment dams during
avoided to a great extent by developing a frameworlpast earthquakes and the proposed procedure for
for direct estimation of crest settlement. estimating crest settlement approximately accotmts

Swaisgooli¥ studied the factors that influence the strength of materials within and underneathddna
crest settlement using 70 incidents of performaoice body as well as the intensity of the earthquakee Th
embankments or dams in past earthquakes anehse histories used in this study pertain to eaekes
proposed a relationship between estimated cresif magnitudes between 4.5 and 8.3, peak horizontal
deformation and the peak horizontal groundground accelerations between 0.02 and 0.90 g and a
acceleration. In essence, the approach is based onwide variety of earth structures such as singleezon
family of relationships between observed crestearth embankments, multi-zone earth and rock dithd
settlement and peak ground acceleration that depend for retaining water, Concrete Face Rock Fill Dams
earthquake magnitude. Although crest settlemergs alCFRDs) and tailings dams (Table 1).

Table 1: Case history listing

Earthquake: Date, M To (), § (W/o and

Dam, type, height (m) x (9), Dist. (km), T () with vert. acd) (g) A (m) Reference
Anderson, 8, 73.2 10/17/89, 7.0, 0.26, 16, 0.32 8,10(84, 0.24 0.0410 Hard&r

Anderson, 8, 71.6 4/24/84, 6.2, 0.41, 16, 0.32 ,10087, 0.20 0.0140 Bureatial ©!
Artichoke, 2, 4.0 10/17/89, 7.1, 0.33, 27, 0.32 80M28, 0.21 0.6000 Miller and Roycrdft?
Austrian, 7, 21.5 10/17/89, 7.0, 0.58, 11, 0.32 900721, 0.17 0.7890 Hardfék
Asagawara regulatory, 7, 56.4 10/23/04, 6.8, @220.32 0.53, 0.08, 0.07 0.7000 Yasetal >
Baihe, 7, 66.0 7128/76, 7.8, 0.20, 150, 0.52 00336, 0.06 2.5000 Lingyaei al.**!
Bouquet Canyon, 5, 62.0 7/21/52,7.3,0.12, 74 0.4 0.54,0.16,0.14 0.0010 Seetchl

Brea, 7, 27.4 1/17/94, 6.9, 0.19, 67, 0.45 0.78%,0.17 0.0010 Abdel-Ghaffar and SEbt
Buena Vista, 5, 6.0 7/21/52, 7.3, 0.30, 32, 0.32 4500.16, 0.13 0.6000 Seethl 9
Chabbot, 5, 43.3 4/18/06, 8.3, 0.57, 32, 0.32 09, 0.11 0.4500 Makdisi and SE8d
Chabbot, 5, 43.3 10/17/89, 7.0, 0.10, 60, 0.32 , @92, 0.11 0.0010 Makdisi and SB&d
Chang, 7, 15.5 1/26/01, 7.6, 0.50, 13, 0.32 0.2%,®.05 2.6400 Singti al
Chofukuiji, 7, 27.2 10/23/04, 6.8, 0.10, 21, 0.32 3800.09, 0.08 0.0700 Yasueial >
Chonan, 4, 6.1 12/17/87, 6.7, 0.12, 40, 0.32 @1, 0.01 3.8700 Ishihaenal 2"
Cogoti D/S, 9, 85.0 4/4/43, 7.9, 0.19, 89, 0.60 30@28, 0.23 0.3500 Arreai al !

Cogoti D/S, 9, 85.0 3/28/65, 7.1, 0.04, 153,0.55 .8300.28, 0.24 0.0010 Arraial !

Cogoti D/S, 9, 85.0 718175, 7.5, 0.05, 165, 0.57 8300.28, 0.24 0.0010 Arraah al P!

Cogoti D/S, 9, 85.0 3/8/85, 7.7, 0.03, 280, 0.96 8300.28, 0.24 0.0010 Arraat al P!
Cogswell, 9, 85.0 10/1/87, 6.0, 0.06, 29, 0.25 00693, 0.11 0.0010 Boulangetral.”!
Cogswell, 9, 8.50 6/28/91, 5.6, 0.26, 4, 0.25 00695, 0.14 0.0160 Boulanggetral !
Demi 1, 7,17.0 1/26/01, 7.6, 0.20, 90, 0.55 036, 0.24 0.0500 Krinitzsky and Hyr‘fé%
Douhe, 4, 16.0 7/28/76, 7.8, 0.90, 20, 0.30 0.224,0.24 1.6400 Y

Dry Canyon, 5, 22.0 7/21/52,7.3,0.12, 72, 0.28 6500.12, 0.10 0.0300 Seetdal 19!

El Cobre, 12, 32.5 3/28/65, 7.2, 0.80, 40, 0.32 9,00400, 0.00 32.000 Dobry and Alvai8z
El Infiernillo D/S, 8, 148.0 3/14/79, 7.6, 0.23,01.D.55 1.58, 0.55, 0.39 0.0460 Reserati .[*°!

El Infiernillo U/S, 8, 146.0 10/11/75, 5.9, 0.08,D.34 1.58, 0.08, 0.08 0.0400 Swaisd??bd

El Infiernillo U/S, 8, 146.0 11/15/75, 7.5, 0.0%,D.32 1.58, 0.09, 0.08 0.0200 Swaiséiibd

El Infiernillo U/S, 8, 148.0 3/14/79, 7.6, 0.23,01D.55 1.58,0.19, 0.18 0.1280 Reserti .[*°!

El Infiernillo U/S, 8, 146.0 10/25/81, 7.3, 0.08,,8.34 1.58, 0.05, 0.03 0.0600 Swaisd??bd

El Infiernillo U/S, 8, 146.0 9/19/85, 8.1, 0.13,, 1653 1.58, 0.11, 0.10 0.1100 Swaisd%d

El Infiernillo U/S, 8, 148.0 9/19/89, 8.1, 0.20,31D.70 1.58,0.13,0.12 0.0490 Reserati .[*°!

El Infiernillo U/S, 8, 148.0 9/21/89, 7.2, 0.12,61D.56 1.58, 0.13,0.12 0.0650 Resemtld [+

El Khattabi, 10, 27.5 2/24/04, 6.4, 0.25,21,0.25 0.37,0.18, 0.16 0.0100 EERI

EJ Chesbro, 7, 29.0 4/24/84, 6.2, 0.18, 22,0.32 37,@.14,0.13 0.0200 Swaisgésa]d
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EJ Chesbro, 7, 29.0
Fairmont, 5, 40.0
Fatehgadh, 7, 11.6
Gongen, 8, 32.6
Guadalupe, 7, 43.3
Guldurek, 7, 68.0
Hachiro Gata, 4, 4.0
Hawkins, 6, 22.0
Hebgen, 7, 27.5
Hokkaido tailings, 12, 9.2
Idenoshiri-lke, 5, 5.5
Industrial, 2, 8.0
Ishibuchi, 9, 53.0
Kalaghoda, 7, 14.9
Kalpong, 9, 27.0
Kanayatani, 10, 4.0
Kashi, 7, 16.0

Kashi, 7, 16.0
Kaswati, 7, 12.
Kawanishi, 7, 43.0
Kitayama, 7, 25.0
Kodanuma, 4, 2.5
Kushiro Dike, 1, 6.4
La Marquesa, 7, 10.0
La Palma, 7, 10.0

La Villita, 8, 60.0

La Villita, 8, 60.0

La Villita, 8, 60.0

La Villita, 8, 60.0

La Villita, 8, 60.0

La Villita, 8, 60.0
Lake Merced, 4, 12.5
Lake Temes, 3, 35.0
Lexington, 7, 62.5
Long Valley, 7, 38.4
Lake Franklin, 5, 31.0
Lower Van Norman, 7, 24.0
Lower San Fernando, 6, 32.8
Lower San Fernando, 6, 32.8
LA dam, 7, 47.3
Mahgoan, 3, 16.9
Makubetsu, 7, 26.9
Matahina, 8, 86.0
Matiyari, 3, 29.0

May 1 Slide, 11, 32.0
Metoki, 4, 5.0

Miboro, 8, 131.0
Miho, 8, 95.0

Miho, 8, 95.0

Miho, 8, 95.0

Miho, 8, 95.0

Miho, 8, 95.0

Miho, 8, 95.0

Mill Creek, 6, 23.2
Minase, 9, 67.0
Minoogawa, 8, 47.0
Mochikoshi 1, 12, 30.0
Mochikoshi 2, 12, 22.0
Murayama, 7, 39.0
Muraya-kami, 7, 24.0
Muraya-shino, 7, 30.0
Nalband, 4, 4.0
Newell, 8, 55.5
Niteko Loer, 3,12.0
Niteko middle, 3, 10.0
Niteko upper, 3, 10.0
Niwa Ikumine, 7, 15.0
North Dike, 36.0

10/17/89, 7.0, 0.43, 13, 0.32 .46,0.15, 0.13

7/21/52, 7.3, 0.18, 36, 0.32
1/26/01, 7.6, 0.30, 80, 0.55
1/17/95, 8.2, 0.11, 28, 0.32

0641, 0.09
8,0.®7, 0.07
D4, 0.32

10/17/89, 7.0, 0.43, 19, 0.32 68,@.19, 0.16

6/6/00, 5.9, 0.13, 19, 0.27
5/26/83, 7.7, 0.17, 95, 0.60
10/17/89, 7.0, 0.23, 34, 0.32
8/17/59, 7.5, 0.70, 100, 0.65
5/16/68, 7.9, 0.23, &0
1/17/95, 7.1, 0.44, 10, 0.32
10/17/89, 7.1, 0.33, 18, 0.32
5/26/03, 7.1, 0.27, 85, 0.42
1/26/01, 7.6, 0.30, 65, 0.47
9/14/02, 6.5, 0.10, 21, 0.27
10/6/00, 7.3, 0.11, 14, 0.32
8/23/85, 7.4, 0.25, 21, 0.32
9/12/85, 6.8, 0.50, 16, 0.30
1/26/01, 7.6, 0.28, 110, 0.60
10/23/04, 6.8, 0.14, 17, 0.32
1/17/95, 7.1, 0.30, 31, 0.32
5/16/68, 7.9, 0.23, —, 0.27
1/15/93, 7.8, 0.20, 19, 0.32
3/3/85, 7.8, 0.67, 45, 0.40
3/3/85, 7.8, 0.46, 80, 0.38
11/15/75, 5.9, 0.08, 10, 0.25
10/11/75, 4.9, 0.15, 52, 0.27
3/14/79, 7.6, 0.100, 11, 0.55
10/25/81, 7.3, 0.17, 121, 0.60
9/19/85, 8.1, 0.24, 58, 0.48
9/21/85, 7.5, 0.04, 61, 0.32
3/22/57,5.3,0.12, 5, 0.32
4/18/06, 7.6, 0.35, 2, 0.4
10/17/89, 7.0, 0.45, 10, 0.32
5/27/80, 6.1, 0.20, 16, 0.25
1/17/94, 6.7, 0.30, 1850.2
2/9/71, 6.6, 0.60, 1370.
2/9/71, 6.6, 0.45,%, 0
1/17/94, 6.9, 0.320 1P,
1/17/94, 6.9, 0.43, 7, 0.32
5/22/97, 6.0, 0.50, 38, 0.25
9/26/03, 8.0, 0.25, 141, 0.50
3/2/87,6.5,0.24, 11, 0.28
5/22/97, 6.0, 0.45, 95, 0.27
1/23/89, 5.5, 0.15, 3, 0.25
5/16/68, 7.9, 0.23, 180, 0.32
8/19/61, 7.0, 0.15, 16, 0.32
1/29/80, 6.6, 0.03, 57, 0.33
4/14/81, 4.5, 0.03, 13, 0.32
8/8/83, 6.0, 0.15, 12, 0.25
12/17/87, 6.6, 0.01, 131, 0.6
8/5/90, 5.1, 0.03, 24, 0.25
2/2/92,5.7,0.01, 73, 0.32
10/17/89, 7.0, 0.28, 29, 0.32
6/16/64, 7.5, 0.08, 145, 0.77
1/17/95, 7.1, 0.14, 48, 0.34
1/14/78, 7.0, 0.25, 8, 0.32
1/14/78, 7.0, 0.25, 8, 0.32
9/1/23, 8.2, 0.80, 96, 0.60
9/1/23, 8.2, 0.80, 75, 0.60
9/1/23, 8.2, 0.80, 85, 0.60
12/7/88, 6.8, 0.75, 28, 0.32
10/17/89, 7.0, 0.43, 10, 0.32
1/17/95, 6.9, 0.40, 4, 0.32
1/17/95, 6.9, 0.40, 4, 0.32
1/17/95, 6.9, 0.40, 4, 0.32
7/12/93, 7.8, 0.28, 71, 0.36
1/17/94, 6.7, 0.43, 9, 0.32

0027, 0.20
0.08, 0.00, 0.00
00130, 0.22
@m#£2, 0.20
0.14, 0.00, 0.00
0.65, 0.11, 0.09
1200.35, 0.25
3028, 0.23
8,129, 0.24
0050, 0.09
0500.04, 0.04
0.26400.12
0.26400.12
00885, 0.14
5900.14, 0.13
00815, 0.13
(00®), 0.00
.1100.04, 0.06
11,0.02, 0.02
0105, 0.04
.94 0.20, 0.15
.94 0.20,0.17
.94 0.30, 0.19
0.94, 0.20,0.18
94.0.20,0.17
94.0.20, 0.18
27{0.00, 0.00
,@EMD, 0.08
7700.13, 0.09
.5200.23, 0.17
-, 0.28,0.20
0.38,0.19, 0.15
0.48, 0.00, 0.00
0.48,0.15,0.14
0.60500.13
@A, 0.19
42,0.18,0.17
10087, 0.14
0@27,0.18
.3700.00, 0.00
00a.60, 0.00
106123, 0.16
1.22300.10
1.22300.17
1.2230217
1.22300.20
1.223017
1.2230219
.3000.14,0.12
74, 0.10
700649, 0.40
0.42, 0.00, 0.00
0.42, 0.00, 0.00
0529, 0.24
5200.14,0.11
.5200.11, 0.10
00230, 0.00
00r35, 0.18
2100.07, 0.06
0.17,0.04, 0.04
.1700.04, 0.04
0.23,0.07,0.04
0@371, 0.09

0.1130
0.0010
1.0300
0.0010
0.1950
0.0200
2.5400
0.0010
1.9200
12.500
4.0000
0.4000
0.0010
0.0250
0.0010
0.7500
0.4000
1.5000
1.2100
0.3000
0.7500
1.2900
2.0000
2.0500
0.6100
0.0240
0.0240
0.0130
0.1140
0.3360
0.1200
6.6600
0.0100
0.2590
0.0010
0.0500
0.1440
7.9500
0.1500
0.0880
0.0200
0.5000
0.0990
0.0100
5.9200
5.0000
0.0260
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0150
0.0600
0.0010
22.750
15.900
1.2000
0.1800
0.0010
3.0000
0.0110
2.0000
2.7000
2.7000
1.7500
0.0300

Hardér
Seetlal ¥
Singhal *%
Matsumagbal 27
Hardér
Ozkan and AK&Ar
Olsth
Hard&t
Seetlal *®
Ishihatal 2!
Uchidgal .
Miller and Roycfdft?
Nagayaretzal >
Krinitzsky and HyR8s
Rai and MUfty
Matsefh
Chonggdflg
Chonggéﬂ?
Sing al *°
Yasueigal>®
Sakamatoal 4!
Mishima and Kim#&iPa
Sasakil %
De Allsaal @
De Altet al.®
Elganslal !
Elganslal ™!
Elganstlal [
Elganehlal !
Elgansilal M
Swaisgédd

Lai and SE&d
Seeirhl 148

Chaﬁ]e?/

Saal 7

Bardet and DAvis
Seatal ¥
EERY

Nagayamial >
Pender and Robeff8on
EERI

Ishihaggal .2
Ishihaeaal .24
Bureatial ¥
Iwashitt al.??
Iwashit al.*?
Iwashitet al .??
Iwashit al %
Iwashitet al .??
Iwashitgt al .??
Hardér
SwaisgdtH
Matsumatoal .*”)
Okusa and Afifha
Okusa and Afifha
Seetlal ¥

Stroftél

Stroitdl
Yegiaet al *®
Hard&t

Sitdt

Sitar

Sitdt

T&A
Swaisgdtil
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O’ Neil, 3,21.3 10/17/89, 7.0, 0.11, 59, 0.33 0317,0.14 0.0010 Hard&t

Ono, 7, 36.6 9/1/23, 8.2, 0.80, 96, 0.60 0.52, 00274 0.3050 Seet al *®!

Oya, 8, 40.5 12/8/93, 5.0, 0.004, 42, 0.26 0.520,00.16 0.0010 Iwashit al ?

Oya, 8, 40.5 2/16/93, 5.0, 0.01, 28, 0.25 0.510,00216 0.0010 Iwashit al.?

Oya, 8, 40.5 2/2/93, 4.8, 0.02, 9, 0.25 0.51, 00206 0.0010 Iwashitet al.?

Oya, 8, 40.5 2/7/93, 6.5, 0.07, 31, 0.28 0.51,,00216 0.0010 Iwashitet al.*?

Oya, 8, 40.5 2/8/93, 4.9, 0.007, 37, 0.25 0.510,00216 0.0010 Iwashit al.?

Oya, 8, 40.5 6/7/94, 4.9, 0.005, 40, 0.25 0.510,00216 0.0010 Iwashit al.??
Oroville, 7, 235.0 8/1/75, 6.0, 0.11, 7, 0.25 2021,0.13 0.0070 Bureatial
Otani-lke, 7, 27.0 12/21/46, 8.3, 0.80, 45, 0.32  6500.15, 0.12 0.0010 Strol

Piedmont, 3, 17.0 4/18/06, 7.6, 0.35, 18, 0.40 00604, 0.13 0.2000 Seetlal 7!

Route 272, 4, 7.5 1/15/93, 7.8, 0.38, 20, 0.40 3,100, 0.00 5.2500 Miuret al *!
Rudramata, 7, 27.6 1/26/01, 7.6, 0.30, 80, 0.55  8,@D7, 0.07 0.8300 Singhal

San Andreas, 3, 32.0 4/18/06, 7.6, 0.80, 2,0.40  60,@.11, 0.09 0.0010 Seetal 2

San Justo, 8, 41.0 10/17/89, 7.0, 0.26, 27, 0.32 51,0.27,0.21 0.0010 Hardér

San Luis, 3, 93.0 10/17/89, 7.0, 0.06, 54,0.33 2,109, 0.09 0.0010 Hardét

Santa Flacia, 6, 65.0 1/17/94, 6.7, 0.18, 33,0.25 0.82,0.17,0.12 0.0200 Swaisgbdd

Santa Flacia, 6, 72.0 9/2/71, 6.6,0.11, 10,0.25  .78,®.10, 0.08 0.0200 Abdel-Ghaffar and SBott
Santa Flacia, 6, 72.0 4/8/76, 4.6, 0.05, 14, 0.25  .78,0.05, 0.04 0.0100 Abdel-Ghaffar and SBott
Sasoi, 7, 20.0 1/26/01, 7.6, 0.20, 120, 0.63 @20, 0.28 0.0250 Krinitzsky and Hyfés
Shibecha Cho, 4, 9.5 1/15/93, 7.8, 0.38, 40, 0.40 .16,®.00, 0.00 9.2600 Miuga al B!
Shin-Yamam., 8, 44.5 10/23/04, 6.8, 0.55, 6,0.32  .56/00.36, 0.24 0.0200 Yasuelzal >
Shiribeshi Toshibetsu Dike 1, 1, 6.5 7/12/93, 0.88, 100, 0.60 0.09, 0.04, 0.04 2.7000 Ozutsatraii*”
Shiribeshi Toshibetsu Dike 2, 1, 4.5 7/12/93, 0.88, 100, 0.60 0.07, 0.08, 0.08 1.2600 Ozutsatraii*”
Shiribeshi Toshibetsu Dike 3, 1, 4.6  7/12/93, 0.88, 100, 0.60 0.07,0.12, 0.09 0.6300 Ozutsatrii*”
Shivlakha, 7, 18.0 1/26/01, 7.6, 0.45, 28, 0.32 600223, 0.21 1.6200 Singhal >

Soda Lake, 13, 10.7 10/17/89, 7.0, 0.33, 29, 0.32 .19,®.16, 0.15 0.6000 Miller and RoycHft4
Solfatara, 1, 5.0 5/18/40, 7.1, 0.33, 19, 0.32 00061, 0.01 2.0000 OlsB#

South Haiwee, 5, 25.0 7/21/52, 7.3, 0.08, 151, 0.54 0.64, 0.11, 0.08 0.0200 Swaisg6dd

South Levee, 2, 8.0 10/17/89, 7.1, 0.33, 18, 0.32 .12,0.29, 0.22 0.5000 Miller and RoycHftd
Sugatadani-lke, 12.0 1/17/95,7.1,0.23,24,0.28 .54,0.20,0.18 2.0000 Uchiggal 9
Surajbari, 4, 8.0 1/26/01, 7.6, 0.35, 40, 0.32 00120, 0.09 0.3000 EERY

Surgu, 8, 55.0 5/5/86, 6.6, 0.21, 10, 0.32 0.785,0.14 0.1500 Ozkeat al

Suvi, 7, 15.0 1/26/01, 7.6, 0.42, 37, 0.32 0.2@900.08 1.1000 Singtt al *%

Takami, 8, 120.0 9/26/03, 8.0, 0.33, 140, 0.50 10337, 0.31 0.0010 Nagayareizal ¥
Tapar, 7, 15.5 1/26/01, 7.6, 0.15, 43, 0.32 0.2112,0.07 0.8000 Singtt al >

Tejon storage, 5, 11.0 7/21/52,7.3,0.60, 9,0.28  0.45,0.19, 0.16 0.0100 Seetchl *®!

Tokachi Dike, 1, 6.0 9/27/03, 8.1, 0.40, 125, 0.70 0.09, 0.06, 0.06 2.0000 UIJNRPWESE
Tokiwa, 7, 33.5 1/17/95, 7.1, 0.20, 10, 0.32 0®20, 0.16 0.0010 Matsumogbal .*"!
Torish Dike 1, 1, 5.2 1/17/95, 6.9, 0.22, 40, 0.32  0.15, 0.05, 0.04 3.0000 Ozutsuenil !
Torishima Dike 2, 1, 5.5 1/17/95, 6.9, 0.22, 4320. 0.14,0.07, 0.07 0.3000 Ozutstenal Y
Tsuboyama, 7, 20.5 10/23/04, 6.8, 0.13, 19,0.32 29,@.13, 0.12 0.0700 Yasueegal >

Upper crystal springs, 3, 25.0 4/18/06, 7.6, 08M.40 0.60, 0.08, 0.07 0.0010 Seed @

Upper Howell, 3, 13.0 4/18/06, 7.6, 0.80, 2, 0.40 .6000.18, 0.15 1.6000 Seeital 9

Upper San Fernando, 6, 25.0 2/9/71, 6.6, 0.45) B2, 0.38,0.13,0.11 0.9000 Seatal "

Upper San Fernando, 6, 25.0 1/17/94, 6.7, 0.320) 2%, 0.46,0.11, 0.11 0.1500 Bardet and D4vis
Vasona, 7, 10.4 10/17/89, 7.0, 0.40, 9, 0.32 @®u%, 0.31 0.0500 Hard&

Waste water plant, 2, 4.5 10/17/89, 7.1, 0.3302R 0.08, 0.50, 0.45 0.0200 Miller and Royd?bfe!
Yamam regulatory, 7, 27.2 10/23/04, 6.8, 0.55,.320 0.38, 0.10, 0.09 0.5000 Yaswatal >

Yumig., 4,7.5 10/6/00, 7.3, 0.30, 20, 0.32 0.18700.06 1.0000 Matsid

(1): Dam types: 1: 1-zone levee, 2: Multi zone &Vv&: 1-zone earth dam, 4: 1-zone embankment,zéné-hydraulic fill dam; 6: Multi zone
hydraulic fill; 7: Compacted multi zone dam; 8: Muone rock fill dam; 9 Concrete Faced Rock filird (CFRD); 10: Concrete faced decomposed
granite or gravel dam; 11: Natural slope; 12: Wgzsstr constructed tailings dam; 13: Downstream coctettl tailings dam; (2)wa« values in italics
indicate cases where ground motions were meastidadrasite; (3): Displacements in italics indicedises involving liquefaction

MATERIALSAND METHODS earthquake and the earthquake magnitude (quasi
resonance). The methods used in this study to atim
Intuitively, crest settlement is expected to beor quantify these parameters and assess theiemtdft

influenced by the intensity of the earthquake (rmeedt  on earthquake-related crest settlements are sumedari

by peak ground acceleration), the strength of then the following subsections.

materials within and underneath the embankment dam,

the relationship between the fundamental periothef Peak ground acceleration: The peak ground

embankment dam and predominant period of theacceleration, @, has been used in this study as a
518
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measure of the earthquake load intensity. The astisn the horizontal seismic coefficient for which thecttar
for anax Were available from the references cited inof safety against slope instability is unity. Althgh the
Table 1. As indicated in Table 1, in only a fewesmthe influence  of the  vertical component  of
earthquake accelerations were obtained from rec®rdeearthquake-related ground motion is often neglected
located in close vicinity of the embankment or dam.this factor can be approximately accounted for by
Typically earthquake accelerations were estimataehf including a vertical seismic coefficient.
attenuation relationships specifically developed tfe The pseudo static slope stability analysis is Isimi
earthquake considered in the reference and rarehg f to static limit equilibrium slope stability assessm
acceleration records from instruments installed tlea  procedures except that the pseudo static procedure
dams or embankments. considers the inertial load during an earthquakehen
potential siding mass wusually by applying a
Yield acceleration: Yield acceleration has been used insingle-valued horizontal acceleration sometimes
this study as a convenient, single-valued indexhef referred to as the horizontal seismic coefficié#.in a
shear strength of the material within and undeim#fa@  static limit equilibrium analysis, the factor offety is
dam body. The parameter has been estimated folipwincalculated against slope instability. The pseudticst
the sliding block approach as outlined below. analysis in this study was done with the help opsl
The stability assessment of the 152 case histixies stability software XSTABE®. The Simplified Bishop
based on the Newmdi¥ sliding block approach. This method was adopted in these computations. The soil
conceptual framework approximates the potentiabroperties used as inputs in these analyses were
sliding mass as a rigid body resting on a rigicpslg  obtained as discussed in the following subsection.
base. The contact between the potential slidingsmas In the first series of analyses, only the horiabnt
and the underlying slope is assumed as rigid-plaBti  seismic coefficients were used. In the second sarfe
this approach, the potential sliding mass is cared analyses the vertical seismic coefficients wereo als
to mobilize irreversibly in the down slope directio included. Except for the few instances where the
when ground acceleration in that direction excebds vertical as well as horizontal accelerograms were
threshold required to overcome the cohesive-fii@io available at the site of the dam or embankment, the
resistance at the base of the sliding mass. Fangdes vertical seismic coefficients were assumed to be in
pulse of down slope earthquake acceleration, th@roportion of the corresponding horizontal seismic
instantaneous velocity of the sliding mass relativthe  coefficient depending on the distance of dam from t
sloping base is obtained by integration of theeddéfice  epicenter. The ratio between vertical and horiZonta
between the earthquake acceleration and the mpobilitseismic coefficients was assumed to be 0.83 fieds
threshold with respect to time. When the magnitafle earthquake source distance of up to 10 km andaoht
down slope earthquake acceleration drops back belo®.33 was assumed for the distance of 100 km. For
the mobility threshold, the sliding mass would intermediate distances the ratio was assumed k@ased
decelerate because of cohesive-frictional resistamdl  linear interpolation between the values mentioned
eventually may lose mobility. To obtain the magdéu above.
of incremental, relative, down slope displacemédrthe
sliding mass for the earthquake acceleration pthlaeé  Soil properties: In terms of the shear strength and unit
mobilized it, the instantaneous relative velocity i weights, the database assembled in this study is
integrated against time. The total, relative, dalope  reasonably well constrained. In approximately 7586 o
displacement of the sliding mass is then estiméted the case histories, the shear strength and unghtseof
summing up all such incremental relative displaceisie soil or rock fill within and underneath the embargan
over the entire duration of earthquake. or dam body were estimated from site and material
The threshold acceleration above which the slidingspecific Standard Penetration Test (SPT) blow cunt
mass is mobilized down slope, called the yield(Ny)s, Cone Penetration Test (CPT) tip resistange,q
acceleration, is usually estimated from pseudoicstat For the remaining cases material specific test detae
slope stability analysis. The inertial effect dewethe not directly available. To analyze these dams, gene
earthquake is typically accounted for by includihg  properties were used. Such uncertainties in thatinp
horizontal seismic coefficient, which when multgdi  soil parameters exist in many projects at the miakry
by the weight of the potential sliding mass (théumee  design stage as in Sighal %,
of soil above the trial sliding surface and beldaps For soils underneath water table, the pre- and pos
face) provides a crude approximation of the averagéiquefaction shear strengths were estimated folhgwi
inertial force. Yield acceleration is taken to lmpial to  Olson and StatK! for soils characterized with
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normalized SPT blow count, (No, of up to 12 or 10 T
normalized cone tip resistancey,gof up to 6.5 MPa.

Soils with greater penetration resistance are densd

non liquefiable. For non liquefiable soils, the ahe
strength was estimated using McGregor and Dufitan
where penetration data were available unless the :%6r-=-
parameters were directly available from the castohy =
reference. Range of shear strength and other |npu 04

Relationship

T

————qm—————

bt et i =

parameters associated with different types of dam, /1 a b " L_lts;ii_nthis

embankment or foundation materials are listed & th ) i dakoulas range T

Table 1. IR kmesen i ‘‘‘‘‘ : ———— ‘:' ————— :f ——————————
1 I | 1

Dam fundamental (elastic) period: The fundamental 0 : | : :

(elastic) period, §, of the embankment-foundation . - i # 5

system is estimated using the framework proposed by

Gazetas and Dakoul& for isotropic linear elastic Fig. 1: Estimation of fundamental period
embankments within a valley. For embankment dams,

rockfill dams and CFRDs, valley geometry betweenParameters: If the parameters can be combined to
narrow and wide trapeziums was assumed. For highwagbtain dimensionless hybrids based on simple physic
and railway embankments, river dikes and tailingmsl  considerations, assessment of parametric influemce
the embankment was assumed to be infinitely lomg. T crest settlement is expected to become convenliem.
analytical expression for the fundamental periocainf —such hybrid parameters are introduced in the fatigw
infinitely long dam or embankment,J measured in paragraphs. The extent of influence of two addélon

second is given by: parameters, earthquake magnitude and the vertical
component of ground motion, on crest settlemeatss
T, =2.61H/V, (1)  examined.
The crest settlement is expected to relate negjgtiv
Where: to the shear strength of material within and uneatim
H = The height of the dam or embankment in meter the embankment dam and positively to the ground
V, = The shear wave velocity in meter per second motion amplitude. To assess the joint influencehef

shear strength of material within and underneath th
The chart used for this purpose is shown in Fig. mbankment dam and the ground motion amplitude on
for embankments or dams with crest lengths of up terest settlement the ratio of yield acceleratiod paak
ten times their maximum heights. In essence, thédworizontal acceleration /amax, has been used following
relationship shown in Fig. 1 represents valley geloyn  Hynes-Griffin and Frankll[ﬁ
between narrow and wide trapeziums. Dams or Secondly, in the events when the fundamental
embankments with crest length exceeding ten tites t period of the embankment or dam is approximately
maximum height were considered to be infinitelygon  equal to the predominant period of the earthquétie,
Shear wave velocity required as an input in Eig. 1 impact of the earthquake is expected to be maghifie

estimated using the following empirical relatiorghi because of quasi resonance. It therefore appeats th
crest settlements may depend on the ratigl T The
V, =93.2x( N1)60°-231 (2) influence of this ratio on the crest settlement hks®

been studied.

where, (N)go is the normalized SPT blow count RESULTS
representative of the dam body materials.

The analytical results and observed crest
Earthquake predominant period: In most of the settlements are listed in Table 1. Simple integiien
cases, the predominant period of the earthquakeéngro of these results is presented in the following
motion, T, were estimated as per the IdfiSs subsections.
guidelines. In a few instances, predominant penéd
earthquake ground motion,, Twas reported in the Material shear strength and horizontal
references based on acceleration records from gstrorcomponent of ground motion: The observed crest
motion instruments at dam sites. settlements from Table A, are plotted @anaxin Fig. 2.
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Fig. 3: A-a/an.x relationship  considering vertical

Fig. 2: A-a/ relationshi ithout considerin .
'9 &/ @max ! P Withou aerning ground acceleration

vertical ground acceleration

Although there is a considerable scatter in tha,dhere  Vertical component of ground motion, earthquake
appears to be a strong negative relationship betdee Magnitude, predominant period of earthquake and

and g/ama These results also provide a useful practicafundamental  period of embankment dam: To
guidance by demonstrating that the likelihood ofyjda €Xamine whether peak vertical ground acceleratl_on
crest settlements becomes small if the yield acatige ~ ©xplains the scatter, the results of analyses which
exceeds about 1.3 times the peak horizontal grounticluded the peak vertical ground acceleration are
acceleration. Figure 2 also shows that the crégeseent ~ Shown in Fig. 3. A comparison of these results with
sharply decreases ag'a., exceeds 0.6 and becomes Fig- 2 shows that inclusion of vertical ground
smaller than 0.2 as/an. exceeds unity. Also, the crest acceleration does not improve the reliability ire th
settlement could exceed 1 m jf.awas to exceed about prediction of crest settlement based ogla@, It

1.3 times the yield acceleration. These observatae appears therefore that peak vertical ground acat@er
consistent with the intuition that as the mateviethin ~ does not explain the scatter in thfag.-A data.

and underneath the embankment becomes strongeelati  The variation ofA with magnitude, N, Fig. 4,

to the intensity of earthquake load, the cresteseéint  shows although there is a minor increasing tr&nuith
tends to decrease. increasing N, the influence of M on A may not be

It should be noted that the analyses upon whicljgnificant. Therefore, I does not appear to explain
these inferences are based are physically singplsiso, 14 scatter in the, B data.

there is a considerable scatter in the results show

Fig. 2 with the correlation shown on the plot rolygh o )
representing the upper bound values of crest setiés. A decreases significantly as the ratig/T,, becomes

Thus, the correlation of Fig. 2 should not be vidws a  2rger than 2. For smaller values offT, the ratio does
precise estimator of crest settlement; it, in esseis an NOt appear to have a significant influence An
inexpensive tool that gives a reasonably consemvati Therefore variation in ) also appears to account for
estimate of the crest settlements for an embankmefiie scatter in the @A data partially.

dams under earthquake loading. The possibility of ) )

explaining the scatter by the differences in thakpe Suggested use of theresults: The relationship between
vertical ground acceleration (i.e., whether thenéve  &/anax and A shown in Fig. 2 is based on simplified
near field or far field), the earthquake magnitfde., assumptions regarding material behavior implicithia
duration of earthquake) and the proximity of thepseudostatic and sliding block frameworks. These
fundamental period of the embankment dam and thassumptions are by themselves likely to be major
predominant period of the earthquake is examinémihbe contributors to the scatter in the results showfig. 2.
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tool, the relationship is expected to be usefideneral
practical problems. The Jan.cA correlation, for
instance, could be used as an inexpensive tool for
assessing retrofit requirement of an existing
embankment dam or for quick estimation of freeboard
requirement of an embankment dam in the early
planning stage.

1.0
08
0.6 -

04k
03[

Crest delormation (m)

DISCUSSION

The objective of this article was to identify the
main parameters that influence earthquake-relatest c
6.8 7.3 7.6 settlements of embankment dams and first-order

M quantification of their influence on crest settleme
) Observed performance of earth dams and embankments
Fig. 4: Influence of M on crest settlement in 152 instances of earthquake loading was corsitier
for the purpose.

The results of the study indicate that the rafio o
yield acceleration and peak horizontal ground
acceleration, @, has a strong influence on
earthquake-related crest settlemeéntAn approximate
correlation between &m.x and A has been derived
from these results indicated that crest settlerskatply
decreases as/ama. exceeds 0.6 and becomes smaller
than 0.2 as #an.x exceeds 1.0. The crest settlement
could exceed 1 m if,a, was to exceed about 1.3 times
- the yield acceleration. Although there is a consiike
scatter in the dan.cA data, which prevents the use of
the relationship as a detailed engineering toolisit
believed that the relationship could be used asamy
and inexpensive screening tool in the preliminary
design stage of a proposed embankment dam or in
resource planning for a dam retrofit project. The
conceptual simplicity of the analytical proceduised
Fig. 5: Influence of F/Tp on crest settlement in this study is likely to be a major contributar the

scatter in the @amacA data. Since the uncertainty in the
Approximation of the earthquake load intensity witha/am..A relationship on this count is not easily
peak ground acceleration and the imprecision in theuantifiable, the data were not subjected to aroigs
relationships of Eq. 1 and 2 used to estimate thend elaborate treatment for developing a more peeci
fundamental period of embankment dam and shear wausstimator of earthquake-related crest settlement.
velocity, respectively, are also expected to cbaote to The influence of ®T, M, and the vertical
the uncertainty in themacA correlation. component of ground motion on crest settlements wer

Since it is difficult to quantify these uncertag®, a also assessed. These assessments indicated thegghe
more sophisticated statistical treatment of thelltes settlements are insensitive tq/Tp for Tp/T, <2 but
was not considered necessary. Further analysifeof t there is a sharp decrease in crest settlementpas T
results using a soft computation tool, e.g., théical exceeds 2J The influence of )\ was found to be less
neural network or the fuzzy logic framework, iscals remarkable and only a small increase in the crest
unlikely to enhance the practical usefulness of theettlement was apparent with increasing earthquake
procedure proposed in this article because of thenagnitude. The influence of vertical acceleratiom o
conceptual simplifications of the analytical modekd crest settlement also appeared to be minor.
in this study. Consequently, there appears to be no added beémefit

Although the uncertainty in the proposgfha.,-A  including the vertical component of ground motion i
relationship limits its potential as a detailed ieegring  pseudo static slope stability analysis.
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To summarize, a detailed evaluation of earthquaké0.

induced crest settlement is only appears to beatk#d
(a) g/anax exceeds 1 or (b)pE2T,.

CONCLUSION

Performance records of embankments and dams

from past earthquakes indicate that there is angtro
correlation between, .« and crest settlement. Crest
settlement also appears to depend owTd and

marginally on earthquake magnitude.
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