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Following the 2011 Great East Japan Earthquake, in the three prefectures of 
Iwate, Miyagi & Fukushima, around 15% of earth fill 
dams were significantly damaged （1951 out of 12500）

極限釣り合い法での最小瞬間安全率
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2. すべり変形

（Newmark法）

1. すべり変形を伴わない繰

返し載荷による残留変形

（FEM)

3.盛土の残留変形= 

1. 連続体としての残留変形 + 

2. すべり変形

Current seismic design analysis (LE, kh=0.15, Fs>1.2) 
can not explain Fujinuma dam failure and this 15% 
damage ratio. Besides, around 200,000earth-fill dams in 
japan!!

Need for a simplified practical seismic analysis for high 
seismic loads: combination of FEM & Newmark 

Fujinuma dam failure 

（ H= 18.5m L= 133.2m, top fill composed of 

poorly compacted weak sandy soils, i.e.

prone to strength degradation & liquefaction）
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Crucial need to take into account in a simple way the degradation of
soil rigidity and strength by seismic loading i.e. undrained cyclic loading (CL)

Development of modified Newmark method and pseudo-static FEM
analyses in a united framework (cumulative damage and total stress 
concepts) along with relevant undrained cyclic+monotonic loading tests

②Newmark-D

Undrained LE stability analysis

Accumulated damage
along slip surface

Rotational displacement
by Newmark

③Pseudo-static FEM
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Procedure of Newmark-D analysis

①Plane strain FEM dynamic response analysis
（equivalent linear or non-linear analysis, not 

taking into account the degradation of stiffness by 
undrained CL and shear banding）

②Quasi-static LE stability analysis by 
Fellenius slice method （using 
undrained strength with saturated soil) 
to find the critical failure plane

③Estimation of undrained strength 
degradation due to undrained CL 
by the cumulative damage concept 
based on uniform undrained CL & 
ML test results

Searching for 
the slip circle 
providing the 
maximum 
displacement

320.0

334.0

348.0

362.0

376.0

390.0

404.0

418.0

432.0

446.0

460.0

474.0

488.0

502.0

516.0

530.0

544.0

558.0

572.0

586.0

600.0

(gal)

最 大 加 速 度  コ ン タ ー 図

0 5 10 15 20 25 30 35 40 45

-3.0

0.0

3.0

6.0
-0.08

-0.04

0.00

0.04

.
 θ 
[r

a
d

/s
]

.
.

0.000

0.004

0.008

経過時間 Elapsed time [s]

0.0

0.1

0.2

降伏加速度

滑動開始時刻： 13.32s

δ

max

=146.5 mm

A
cc

 [m
/s

2
]

θ 
[r

a
d

/s
2 ]

δ=
R

⋅θ
 [

m
]

時間

主
応

力
差

圧密過程

排水条件

繰返し載荷過程*

非排水条件

土の繰返し非排水

三軸試験方法

（ JGS 054 1）

単調載荷過程

非排水条件

土の圧密非排水（ Cubar）
三軸圧縮試験方法

（JGS 05 23）

-10 -5 0 5 10 15 20

-100

-50

0

50

100

150

εD A

「繰返し載荷＋単調載荷」

単調載荷過程

繰返し載荷過程

 

 

主
応

力
差

 
(
σ a

‐
σ r

)
 
(
k
N

/
m

2

)
 

軸ひずみ ε
a

 (％)

「単調載荷」のみ

強度低下

Duttine et. al. (2015): Evaluation of seismic dam displacement by Newmark method taking into account soil strength reduction due to undrained  
cyclic loading, JGS Special Issue on earth dam seismic stability, 2015.03, pp.8-11, (in Japanese)

Tatsuoka et al. (2014). Evaluation of seismic slip displacement of slope by Newmark method taking into account soil strength reduction due to 
undrained cyclic loading and strain-softening, Proc. Special JGS Symp. Overcoming the Great East Japan Earthquake, pp.394-403, (in Japanese)

④Calculation of slip displacement for a given 
seismic motion by the Newmark-D method 
using degrading shear strength

5
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① Dynamic response analysis   

No need for complicated constitutive
model & analysis (effects of pore water 
pressure buildup will be taken into 
account later in modified Newmark)

Simplified analysis: Linear equivalent

Hyperbolic model （Hardin-Drnevich, 
Generalized Hyperbolic Equation 
GHE model – Tatsuoka et al., 1991)

Tatsuoka,F. and Shibuya,S. (1991), “Deformation characteristics of soils and rocks from field and laboratory tests”,
Keynote Lecture for Session No.1, Proc. of the 9th Asian Regional Conf. on SMFE, Bangkok, Vol.II, pp.101-170.
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In the analysis further, it will be assumed that yielding or slip occurs when 
apparent mobilized stresses by linear equiv. response analysis exceeds the 
deteriorating soil shear strength (computed based on cumulative damage)
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② Initial stability analysis (Limit Equilibrium: LE)

（LE, slice method Fellenius&others）

smi : undrained initial shear strength
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③ Random cyclic loading used in cumulative damage

Simply obtained for each slice by projecting the 
stresses of nearest element along the slice base 
plane

Normal and shear stress time histories for each slice
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Time history of accumulated damge each slice, from which time history
of equivalent strain amplitude is backcalculated by dichotomy
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Obtained experimentally by undrained cyclic loading followed by
monotonic loading tests
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Numerical Example
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Compacted to (Dc)1Ec=85% ; 90% ; and 95%

Analysis examples： Newmark-D
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Results of analysis Critical failure plane providing the 
maximum δ (different among 
different analysis cases)

Existing Newmark approaches (O,S,∆u):

・Due to the use of drained strength, effects 

of Dc are small (Original, S)
・Due to difficult estimation of ∆u at failure 

(cyclic mobility..), settlement for Dc=95% 

overestimated (∆u)

Newmark-D:

・Due to the use of degrading undrained strength, effects 

of (Dc)1Ec on the slip displacement are significant.
・Realistic for the submerged upper-reach slope.
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Development of modified Newmark method and pseudo-static FEM
analyses in a united framework (cumulative damage and total stress 
concepts) along with relevant undrained cyclic+monotonic loading tests

②Newmark-D

Undrained LE stability analysis

Accumulated damage
along slip surface

Rotational displacement
by Newmark

③Pseudo-static FEM
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Degradation of stress strain properties by undrained CL

主応力差

時間

土の繰返し非排水

三軸試験方法

（JGS 0541）

土の圧密非排水（Cubar）

三軸圧縮試験方法

（JGS 0523）
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・obtained from same CL+ML test results

as for Newmark (no additional experiments)
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pseudo-static FEM analysis

※
constitutive
relation
（nonlinear elas.）

( )
v

e
K 2

e

τ
= − ⋅ε ⋅ +1 eσσσσ

deviatoricvolumetric

i wK K K n= + total bulk modulus

( )
( )

0
i 50

0

2 1
K G

3 1 2

+ ν
=

− ν
: bulk modulus of granular skeleton (constant)

: water bulk modulus（=2.15GPa）Kw n: porosity

※
Taking into account inertia derived from nodes response accelerations 

※ Volumetric locking countermeasure： Selective Reduced Integration
or2nd order element（serendipity elem.）

( ) ( )int T

ext T T
t

d

d d

Ω

Ω Ω

 = Ω



= − ρ Ω − ρ Ω


∫

∫ ∫

F d B σ d

F N u N g&&

内力

外力

gravityInertia by resp.acc

dddd : node displacement (unknown)
NNNN, BBBB : shape function and its spatial differentiation 

gggg : gravity acceleration

node response acceleration obtained from 
response analysis. 

t t=u Nd&&&&

constitutive relation
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Analysis examples : effects of Dc
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Analysis examples : effects of Dc

Similarly as Newmark-D, analysis realistically reproduces strong effects 
of compaction on the crest settlement

Dc=95%
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Shear strain
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Analysis examples : effects of Dc
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Large influence of inertia, max. settlement may be underestimated by 
static analyses taking into account only rigidities before/after earthquake

τ-γ most deteriorated

Inertia=0

τ-γ moderately deteriorated, inertia=large
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Combination of Newmark and Pseudo-static FEM

Dc=90%

Rotational displacement

by Newmark-D

Pseudostatic FEM until start of sliding

t=53.12 sec.

極限釣り合い法での最小瞬間安全率

土
構

造
物

の
残

留
変

形

許容値

1.0

2. すべり変形

（Newmark法）

1. すべり変形を伴わない繰

返し載荷による残留変形

（FEM)

3.盛土の残留変形= 

1. 連続体としての残留変形 + 

2. すべり変形

R
e
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d
u
a
l
 
d
i
s
p
l
a
c
e
m

e
n
t

Lowest factor of safety in LE (limit equilibrium)

2. Slip displacement

(Newmark)

Allowable limit

3. Combined displacements by :  

1. FEM (continuum)

2. Newmark method

1. Residual displacement by cyclic

loading w/o considering slip

(FEM)

 ⊕
Total settlement at crest: s=57.1cm
Newmark-D : s=47.7cm
PS-FEM : s=9.4cm
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Combination of Newmark and Pseudo-static FEM

Dc=90%

Combined deformation

slip boundaries before settlement
slip boundaries after settlement

Increment from t=53.12 sec
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Proposed simplified dynamic analysis: 
Combination of Newmark & 
pseudo-static FEM analyses

Consistent framework: cumulative damage 
& total stress concepts allowing to model 
directly degradation of rigidity and strength

Results show that analysis realistically reproduces 
effects of degree of compaction on the seismic 
stability of earth fill dams

CONCLUSIONS

A new simplified seismic analysis taking into account degradation of soil undrained stress-strain properties 

and effects of compaction, Duttine et. al. |  2016
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Results for real case study (Fujinuma dam) show 
good agreement with observations, constitutes 
first validation of the proposed analysis 

s

Settlement at crest s=1.63m (s/H=9.2%)

s= 1.63 m: total settlement at crest obtained 
by Newmark-D and pseudo-static FEM

s/H= 9.2 %

Scale

10 m for  model dimensions
10 m for  deformation

Slip C2
s= 4.4 m: total settlement at the left end of crest obtained by 

Newmark-D and pseudo-static FEM
s/H= 25 %

s

Scale

10 m for model dimensions
10 m for  deformation

Slip C1
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