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ABSTRACT: An earthquake measuring 6.6 Mw struck southern Hokkaido, Japan, Septem
ber 2018. Mizuho Dam and Azuma Dam were located near the epicenter of this earthquake 
and strongly shaken. The recorded base peak accelerations of Mizuho Dam in upstream and 
downstream directions was 491 gal and 937gal was recorded at dam crest. Maximum settle
ment of crest at upstream slope side was about 12cm and cracks attained about 2.0 m depth 
were observed around the crest. Azuma Dam’s spillway was blocked by debris from land
slides. Recorded base peak acceleration was 297 gal and 1293 gal was recorded at dam crest. 
A simple strain softening elasto-plastic constitutive model is applied to both dams with the 
features of non-associated flow characteristics, post-peak strain softening, and strain- 
localization into a shear band with a specific width. The dynamic response analyses of both 
dams and the computed settlements are compared to observed one.

1 INTRODUCTION

Mizuho Dam is a gravel-fill dam with central clay core zone shown in Figure 1 completed 
1998. It is 25.9 m high and 427.05 m long, impounding up to 4,300,000 m3 of water. Two seis
mometers were installed at the crest and the base ground as shown in Figure 1. An earthquake 
measuring 6.7 Mw on the moment magnitude scale struck Iburi Subprefecture in southern 
Hokkaido, Japan, on 6 September 2018. The earthquake’s epicenter was near Azuma Town 
and occurred at a depth of around 33.0 km. Mizuho Dam located near the epicenter of this 
earthquake and strongly shaken. The recorded base peak acceleration of Mizuho Dam 
obtained by the seismometer in upstream and downstream direction was 491 Gal, and 937 Gal 
was recorded at the dam crest (Figure 2). Maximum settlement of the crest surface was about 
8.0 cm (Figure 3), and main three cracks attained about 2.0 - 3.0 m depth were observed 
around the top edge of downstream slope (Figure 4).

Azuma Dam is a fill-type dam with mudstone and central clay core zone shown in 
Figure 11 completed 1971. It is 38.2 m high and 222.0 m long, impounding up to 
10,080,000 m3 of water. Two seismometers were installed at the crest and the base ground as 
shown in Figure 11. Azuma Dam also located around the epicenter of this earthquake and the 
recorded base peak acceleration obtained by the seismometer in upstream and downstream 
direction was 297 Gal, and 1293 Gal was recorded at the dam crest (Figure 12). The recorded 
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acceleration lasted only 30 seconds because the power supply was lost due to the slope failure 
on the right side downstream of the dam embankment. Maximum settlement of the crest sur
face was about 14.9 cm (Figure 13).

A simple strain softening elasto-plastic constitutive model is rather robust for application to 
a dynamic response analysis of fill-type dams. This strain softening material model was 
applied to Mizuho Dam and Azuma Dam with the features of non-associated flow character
istics, post-peak strain softening and strain-localization into a shear band with a specific 
width. In order to avoid the numerical instability due to the singularity of non-associated 
Mohr-Coulomb model, the constitutive model based on the yield function of Mohr-Coulomb 
type and the plastic potential function of Drucker-Prager type were used.

2 MATERIAL MODEL FOR BEHAXIOR OF GEOMATERIALS

The material model will be briefly described in this section (Tanaka 2002, 2015). The yield 
function (f) and the plastic potential function (F) are given by:

where

where I1 is the first invariant (positive in tension) of deviatoric stresses and σ is the second 
invariant of deviatoric stress. With the Mohr-Coulomb model, gðθLÞ takes the following form;

� is the mobilized friction angle, c is the cohesion, ψ is the dilatancy angle and θL is the Lode 
angle.

In case of simple strain softening constitutive model, the frictional softening is given by next 
function.

and cohesion softening function is by next function.
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The dilatancy is reduced by next function.

where κ is plastic parameter, B, C, D are constants for softening function. The suffices P, 
R represent the peak and residual state. Where γ is shear strain, γR is reference shear strain.

A more realistic frictional softening functions expressed as follows;

where εf and εr are the material constants and αp and αr are the values of α at the peak and 
residual states.

The residual friction angle (�r) and Poison’s ratio (�) were chosen based on the data from 
the triaxial compression test.

The elastic moduli are estimated using the following equations.

The peak friction angle is a function of confining pressure, initial void ratio e and GE is 
empirical constant.. The dilatancy angle (ψ) was estimated from Rowe’s stress-dilatancy rela
tion. The introduction of shear banding in the numerical analysis was achieved by introducing 
a strain localization parameter s in the following additive decomposition of total strain incre
ment as follows.

where Fb is the area of a single shear band in each element and Fe is the area of the element.
An one-point integration method and an hourglass control scheme are used with 

4-noded two-dimensional isoparametric element (Flanagan & Belytschko 1979). This 
element is effective and suited for collapse analysis of frictional material with shear 
banding. The most fully integrated continuum elements tend to lock especially for geo
materials, so the selection of element type is important for the collapse analyses of 
embankment dams. Simple shear strength is appropriate for earthquake response analysis 
of a fill-type dam and triaxial compression test results of layered soil sample are 
approximately equivalent to shear strength of horizontally anisotropic fill materials. We 
employed the triaxial compression test results for the two-dimentional dynamic analyses 
of fill-type dams.

3 DYNAMIC RESPONSE ANALYSIS OF MIZUHO DAM

The simple strain softening elasto-plastic constitutive equation was applied to the impounded 
Mizuho Dam. Figure 5 showed the finite element mesh used for dynamic response analysis. 
Before dynamic response analysis, build-up analysis was carried out.

Table 1 showed the material parameters for the dynamic analysis. The core materials (①, 
②) were assumed undrained condition during the earthquake and elasto-plastic constitutive 
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model was applied. The strengths of core materials were obtained by isotropically consoli
dated undrained triaxial compression test. The internal friction angle was 25.3˚. The cohesion 
was 32.3 kN/m2. The constant (GE) for elastic moduli was 40,000 kN/m2. The assumed shear 
band thickness (S.B.) was 0.5 cm, taking into consideration that the thickness of shear band is 
15~20 times of mean diameter of fill materials.

The strengths of semi-permeable materials were obtained by isotropically consolidated 
undrained triaxial compression test combined with cyclic loading and succeeding monotonic 
loading. The material constants of these zones used for the analyses were as follows: φpeak = 
32.0˚, φres = 24.6˚, cpeak = 53.0 kN/m2, cres = 38.8 kN/m2, B = 0.5, C = 0.3, D = 0.7, GE = 
80,000 kN/m2, S.B. = 3.0 cm (Case 1).

For semi-permeable zones (④, ⑥, ⑩) mainly at downstream slope side, drained condition 
were assumed. The strengths of semi-permeable materials were obtained by isotropically consoli
dated drained triaxial compression tests. The material constants of these zones were as follows: 
φpeak = 39.2˚, φres = 36.1˚, cpeak = 22.0 kN/m2, cres = 19.0 kN/m2, B = 0.5, C = 0.3, D = 0.7, 
GE = 80,000 kN/m2, S.B. = 3.0 cm (Case 2).

The filter zone (⑦) was assumed drained condition and the material constants of this zone 
are as follows: φpeak = 42.9˚, φres = 33.0˚, cpeak = cres = 0.0 kN/m2, B = 0.5, C = 0.3, 
GE = 100,000 kN/m2, S.B. = 5.0 cm. The riprap (⑧, ⑨) zones were assumed drained 
conditions and the material constants of these zone were as follows: φpeak = 44.0˚, φres = 33.0˚, 
cpeak = cres = 0.0 kN/m2, B = 0.5, C = 0.3, GE = 120,000 kN/m2, S.B. = 14.0 cm.

The Rayleigh damping was assumed 5.0%. The input acceleration was measured one at the 
base of dam as shown in Figure 2.

In Case 1, Figure 6 showed the computed response acceleration at the crest centre. 
Although the computed maximum response acceleration was larger than measured max
imum response acceleration (937 Gal), the time of computed maximum response acceler
ation agreed at the time (12 second) of measured maximum response acceleration. Figure 7 
showed the computed vertical displacements around crest. Maximum vertical displacements 
of No.2812 at the crest center and No.2785 around the top edge of upstream slope were 
about 5.0 cm, and maximum vertical displacements of No.2823 around the top edge of 
downstream slope was about 7.0 cm. As the measured crest settlements of this dam were 
within ranging from 5.3cm to 8.0cm, we could say that the comparable results were 
obtained.

In Case 2, Figure 8 showed the computed response acceleration at the crest center. The 
computed maximum response acceleration of Case 2 was smaller than that of Case 1, and the 
time of maximum acceleration agreed well as Case 1. Figure 9 showed the computed vertical 
displacement around crest. Although results of Case 2 tended to be larger than those of 
Case 1, the comparable result was obtained in Case 2, too.

Figure 10 showed the computed maximum shear strain distributions after 40 sec. by Case 1 
and Case 2. The computed maximum shear strain (Case 1), was about 13% and concentrated 
around the top edge of downstream slope as shown in Figure 10, so we could say that the 
comparable results as observed were obtained.

Figure 1.  Cross section of Mizuho Dam.
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Table 1. Material parameters for simple strain softening elasto-plastic analysis.

Material 
No. Material name

γ  
(kN/ 
m3)

φpeak 
(degree)

φres 
(degree)

Cpeak  
(kN/ 
m2)

Cres  
(kN/ 
m2)

GE  
(kN/ 
m2)

S.B.  
(cm)

① Core (Saturation) 19.2 25.3 25.3 32.3 32.3 40,000 0.5
② Core (Un-saturation) 18.7 25.3 25.3 32.3 32.3 40,000 0.5
③=⑤ Semi-permeable 

(Saturation)
21.4 32.0 24.6 53.0 38.8 80,000 3.0

④=⑤ 
=⑩

Semi-permeable  
(Un-saturation)

18.7 32.0 
(39.2)

24.6  
(36.1)

53.0  
(22.0)

38.8  
(19.0)

80,000 3.0

⑦ Filter (Un-saturation) 22.7 42.9 33.0 0.0 0.0 100,000 5.0
⑧ Riprap (Saturation) 22.7 44.0 33.0 0.0 0.0 100,000 14.0
⑨ Riprap (Un-saturation) 22.7 44.0 33.0 0.0 0.0 120,000 14.0

The figures in parentheses are obtained by consolidated drained test (CD-test)

Figure 2.  Measured acceleration at the base and crest of Mizuho Dam.

Figure 3.  Settlements of crest surface in Mizuho 
Dam.

Figure 4.  Three major cracks at down stream 
slope in Mizuho Dam.

Figure 5.  Finite element mesh of Mizuho Dam.
(Total number f elements:2727, Total number of nodes:2835)
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4 DYNAMIC RESPONSE ANALYSIS OF AZUMA DAM

The simple strain softening elasto-plastic constitutive equation was also applied to the 
impounded Azuma Dam. Figure 14 showed the finite element mesh used for dynamic 
response analysis. Before dynamic response analysis, build-up analysis was carried out.

Table 2 shows material parameters for the dynamic analysis. The Core1 (①, ②) and Core2 
(③) materials were assumed undrained condition during the earthquake. The total stress 

Figure 6.  Computed response acceleration  
at the center crest (Case 1).

Figure 7.  Computed displacements around  
crest (Case 1).

Figure 8.  Computed response acceleration 
at the center of crest (Case 2).

Figure 9.  Computed displacement around 
crest (Case 2).

Figure 10.  Computed maximum shear strain distributions in 40 second.
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strengths of core materials were obtained by isotropically consolidated undrained triaxial 
compression test. The Core1 internal friction angle was 15.0˚ and cohesion was 37 kN/m2. The 
Core2 internal friction angle was 13.0˚ and cohesion was 51 kN/m2. The elastic moduli (GE) 
were 40,000 kN/m2. The assumed shear band thickness (S.B.) was 0.2 cm.

The semi-permeable zones (④, ⑥) were assumed undrained condition during the earth
quake. The total stress strengths of semi-permeable materials were obtained by isotropically 
consolidated undrained triaxial compression test. The material constants of saturated semi- 
permeable zones (④, ⑥) used for strain softening model were as follows: φpeak = 15.0˚, 
φres = 15.0˚, cpeak = 81.5 kN/m2, cres = 81.5 kN/m2, B = 0.5, C = 0.3, D = 0.7, GE = 80,000 
kN/m2, S.B. = 4.0 cm. For unsaturated semi-permeable zones (⑤) at downstream slope side, 
the strengths of the material was obtained by isotropically consolidated undrained triaxial test 
on the in-situ density (density of 100% D-value). The material constants of this zone were 
as follows: φpeak = 27.2˚, φres = 27.2˚, cpeak = 7.4 kN/m2, cres = 7.4 kN/m2, B = 0.5, C = 0.3, 
D = 0.7, GE = 80,000 kN/m2, S.B. = 4.0 cm.

The filter zone (⑦, ⑧) was assumed drained condition and the material constants of this 
zone as follows: φpeak = 40˚, φres = 40˚, cpeak = cres = 0.0 kN/m2, B = 0.5, C = 0.3, 
GE = 100,000 kN/m2, S.B. = 1.8 cm. The riprap (⑨, ⑩) zone was assumed drained 
condition and the material constants of this zone were as follows: φpeak = 30˚, φres = 30˚, 
cpeak = cres = 0.0 kN/m2, B = 0.5, C = 0.3, GE = 120,000 kN/m2, S.B. = 20 cm.

The Rayleigh damping was assumed 5.0%. The input acceleration was measured one at 
the base of dam as shown in Figure 12. Figure 15 showed the computed response accel
eration at the crest centre by simple strain softening elasto-plastic analysis. Although the 
computed maximum response acceleration (1090 Gal) was smaller than measured max
imum response acceleration (1293 Gal), the time of computed maximum response acceler
ation agreed with the time (15.6 second) of measured maximum response acceleration. 
Figure 16 showed the computed vertical displacements the around crest by simple strain 
softening elasto-plastic analysis. The maximum vertical displacements of No.1809 at the 
crest center and No.1814 around the top edge of downstream slope were about 5.4 cm 
and 8.6 cm. Maximum vertical displacements of No.1805 around the top edge of 
upstream slope was about 18.1 cm. As the maximum measured crest settlement of this 
dam was within ranging from 14.9 cm, we could say that the comparable results were 
obtained.

Figure 11.  Cross section of Azuma Dam.
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Figure 12.  Measured acceleration at the base and the crest of Azuma Dam.

Figure 13.  Measured surface settlements of Azuma Dam.

Figure 14.  Finite element mesh of Azuma Dam.
(Total number of elements:1761, Total number of nodes:1814).
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5 CONCLUSIONS

A simple strain softening material model for geomaterial is used with the features of post- 
peak strain softening, and strain-localization into a shear band with a specific width. This 
material model is applied to the computation of real rock-fill dams. We obtained earthquake 
induced accelerations and displacements of Mizuho Dam which is 25.9 m high and Azuma 
Dam which is 38.2 m high. The computed accelerations at the crest of dams are compared to 
the observed ones and the computed displacements are also verified by the observed displace
ments. The simple strain softening constitutive model is applicable to the computation of 
a real fill-type dam.
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Table 2. Material parameters for simple strain softening elasto-plastic analysis.

Material No. Material name
γ  
kN/m3

φpeak  
degree

φres  
degree

Cpeak  
kN/m2

Cres  
kN/m2

GE  
kN/m2

S.B.  
cm

① Core1 (Saturation) 20.6 15 15 37 37 40,000 0.2
② Core1 (Un-saturation) 20.3 15 15 37 37 40,000 0.2
③ Core2 (Saturation) 20.7 13 13 51 51 40,000 0.2
④=⑥ Semi-permeable (Saturation) 21.4 15 15 81.5 81.5 80,000 4
⑤ Semi-permeable (Saturation) 20.3 27.2 27.2 7.4 7.4 80,000 4
⑦ Filter (Saturation) 21.1 40 40 0 0 100,000 1.8
⑧ Filter (Saturation) 21 40 40 0 0 100,000 1.8
⑨ Riprap (Saturation) 19.6 30 30 0 0 120,000 20
⑩ Riprap (Saturation) 17.3 30 30 0 0 120,000 20

Figure 16.  Computed displacements around 
crest.

Figure 15.  Computed response acceleration at 
the center of crest.
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