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Abstract

Multiple arch dam is a composite structure with complex shape, in which two or more arch dams are connected. When
verifying the seismic performance of multiple arch dam, roughly two evaluation methods can be supposed. One is an
individual evaluation method by setting a single dam model which treats each arch dam as a single arch dam
individually. Another is a coupled evaluation method by setting a coupled dam model taking the mutual influence
between plural damsinto account.

During the 2011 off the Pacific coast of Tohoku Earthquake, the strong earthquake motions were observed at
existing dual arch dam. And, we made 3-D reproduction analysis for the actual dynamic behavior of the dual arch dam
by utilizing the observed motions, and quantitatively evaluated nonlinearity, or the strain dependence of dynamic shear
modulus of dam. On the basis of these results, we studied on the eval uation method for seismic performance of multiple
arch dam. Furthermore, we examined the effect of strain dependence of dynamic shear modulus on the seismic tensile
stress caused by earthquake motion.

In this study, we set two analysis models. One is a single dam model composed of one arch dam. Another isa
dua dam model composed of two arch dams. And we examined which method is appropriate. In the single dam model,
one arch dam with dam height of 100 m and crest length of 310 m was set. In the dual dam model, two arch dams with
dam height of 100 m and crest length of 310 m and 246 m were set. Both the dam and the foundation were modeled
with 8-nodes solid elements. The lateral boundary of FEM model was a viscous boundary and the bottom boundary was
arigid base. Asfor reservoir water, an empty condition was assumed. The analysis program | SCEF was used for the 3-
D FEM dynamic analysis.

As the results, the seismic tensile stress in the dam evaluated by the single dam model became smaller than by
the dual dam model. The evaluation by the single dam model tends to underestimate the seismic stress compared with
the dual dam model. So, thereisarisk of overestimating the seismic safety by the single dam model. This tendency will
increase as the dynamic shear modulus of dam decreases.

From the above, in order to accurately check the seismic performance of multiple arch dams, it is necessary to
execute the coupled evaluation by setting the coupled dam model taking the dynamic mutual influence between plural
dams into account.

The effect of dynamic shear modulus on the seismic tensile stress was relatively small in the evaluation by the
single dam model, but relatively large by the coupled dam model. The seismic tensile stress in the dam body is affected
by the seismic interaction between dams and foundation rock.

The more complex the shape and seismic response of dam becomes, the larger the mutual influence between
dams and foundation rock becomes. As for the structure with complex shape and complicated constitution, it is
necessary to evaluate the seismic performance by taking the mutual influence into consideration.
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1. Introduction

Multiple dam is a compound structure composed of two or more dams. There are several construction cases
of multiple dam. As for dual arch dam, the Hongrin Dam (dam height: 123m, crest length: 600m,
completion: 1969, Switzerland) [1] and the Okura Dam (dam height: 82m, total crest length: 323m,
completion: 1961, Japan, Sendai city) [2] have been reported. Both were built in the 1960s, and more than 50
years have already passed since their completions. Numerical analysis technology and design method at that
time were significantly different from the current technical level. So, it is necessary to verify the seismic
safety for the aging dams baed on the present technical standard if they arelocated in the earthquake regions.

In regard to the evaluation method for multiple arch dam, two analysis methods can be supposed.
One is “an individual evaluation”, and another is “a coupled evaluation’. The individua evaluation is a
method to analyze each dam one by one individually without considering mutual effects between plural dams.
The coupled evaluation is a method to analyze the multiple dam as one structure with considering mutual
effects between plural dams. Should the mutual effects between plural dams be considered? Is it not
necessary to consider mutual effects between plural dams? There are such problems with respect to the
seismic safety evaluation of multiple arch dams.

Because of its complexity of geometrica shape and seismic response, the seismic safety of the
multiple arch dam should be accurately evaluated. From such necessity, in order to realize an accurate and
reliable evaluation method, we studied on the method for seismic safety evaluation of multiple arch dam
based on the comparative analyses by 3-D FEM dynamic analysis.

2. Method of 3-D dynamic analysis
2.1 Overview

Dual arch dam is set as an analysis object. The shape and size of analysis object was set with reference to the
exiging dams, and two analysis models were set. The comparative analyses were made based on 3-D FEM
dynamic analysis by inputting same earthquake motion. In seismic safety evaluation of concrete dams, the
tensile stress is an important indicator. So, we examined by focusing on the tensile stress caused by
earthquake motion. In addition, in order to make clear the effect of dynamic non-linearity, or strain
dependence of dynamic shear modulus, we made the comparative study when the dynamic shear modulus of
dam was changed.

2.2 Anaysis models

Two anaysis models were set by taking the construction cases of the Hongrin Dam [1] and the Okura Dam
[2] into account. The single dam model shown in Fig.1, and the dua dam model is shown in Fig.2. The
height of dam is 100 m for both the single dam model and the dual dam model. The crest length is 310 m for
the single dam model. For the dual dam model, the crest length of the right-side dam is 310 m, and 246 m of
the left-side dam. The shape of the single dam model and the right-side dam of dual dam model are the same.
The comparison of anaysis results was made with the single dam model and the right-side dam of dual dam
model. The dam and the foundation rock were both modeled by using solid e ements. The lateral boundary
was a viscous boundary, and the bottom boundary was arigid base.

Regarding the reservoir water, if there is full water, the water pressure acts on the dam, so thedam is
in a compressive stress condition. If there is no water, the water pressure does not act on the dam, so the dam
is not restrained by water pressure. And the dam can easily behave when subjected to strong earthquake
motion. Consequently, the tensile stress is easily generated in the dam when the reservoir is empty. For this
reason, from the viewpoint of the seismic safety evaluation, the analysis condition is severer when the
reservoir is empty than full. Therefore, it was assumed that the reservoir is empty. The analysis program
ISCEF [3] was used for the 3-D dynamic analysis[3].
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Crest length 310m
Dam height 100m

Fig. 1 — Single dam model Fig. 2—Dua dam model

2.3 Dynamic property values

The dynamic property values of the dam were set as shown in Table 1 based on the results of previous
studies [4]. The dynamic property values of foundation rock were set as shown in Table 2 [4]. Table 3 shows
the values of dynamic shear modulus of existing dual arch dam identified based on the seismic behavior
during the 2011 off the Pacific coast of Tohoku Earthquake [5], [6], [7].

Table 1 — Dynamic property values of dam

Dynamic shear modulus | Density Poison’s ratio | Damping factor Note
N/mm” t/m’ (Decline ratio)
6000 24 0.20 0.05 G/G0=0.65

(Go: Dynamic shear modulus for minute strain)

Table 2 — Dynamic property values of foundation rock

Dynamic shear modulus Density Poison’s ratio Dampimg factor
N/mm’ t/m’
4500 2.6 0.25 0.05

Table 3 — Dynamic shear modulus of existing daul arch dam identified by 3-D reproduction analysis
of earthquake behavior during the 2011 off the Pecific coast of Tohoku Earthquake

Situation Dynamic shear modulus Observed
identified by reproduction analysis maximum acceleration
Main shock (2011.3/11) | G,,,=6000 N/mm’ Vs 1580 m/s Amax =626 Ga
After shock (2011.4/7) Guar=7310 N/mm’ Vs 1730 mis Amax = 430 Gal
Tremor Gean=9250 N/mm’ Vs 1960 s Few Gal

Ggam: Dynamic shear modulus of dam body, Vs: Shear wave velocity
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modulus on the seismic tensile stress in the dam. Dynamic strain was supposed to be around 1~2x10. Then,

two cases of G/Go =0.65 and G/Go =1.00 were set by referring the dynamic strain dependence of dam
concrete as shown in Fig.3 [8], [9]. The values of density, Poisson's ratio, and damping factor were set with
reference to the previous studies [10], [11], [12]. The values of dynamic shear modulus were set by taking

non-linearity into account, and the dynamic analyses were executed as linear anaysis.

Table 4 — Vaues of dymanic shear modulus for examining effect of dynamic

non-linearity on seismic tensile stress generated by earthquake motion

Case Decline Dynamic shear modulus | Density Pison’s Damping Strain
ratio N/mm’ tm’ ratio factor level
1 G/Go=0.65 6000 2.4 0.20 0.05 Large strain
2 G/Go=1.00 9250 2.4 0.20 0.05 Minute strain

Declineratio of
dynamic shear modulus

Fig. 3—Dynamic non-linearity of deformation property of dam concrete

2.4 Input earthquake motion

(Go: Dynamic shear modulus for minute strain)

—@— Evaluated result by 3-D reproduction analysis
of actual behavior of existing dual dam

—J— Result of tension test of dam concrete

G/Go

Damping factor

0.1 1
Tensilestrain  ><10

Input earthquake motion is shown in Fig.4 [13]. The maximum acceleration is 749.64 Gal, and the duration
timeis 12.0 second. The motion was input from the bottom boundary in the upstream-downstream direction.

Maximum Acceleration

Acceleration Gal

o 1 2 3 4 5 6 7 8 9

Time s

749.64Gal

10 11 12

Fig. 4 — Input earthquake motion

© The 17th World Conference on Earthquake Engineering - 2j-0009 -




2]‘0009 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

3. Results of 3-D dynamic analysis
3.1 Comparison of results evaluated by the single dam model and by the dual dam model
3.1.1 Displacement caused by earthquake motion

The comparison of maximum displacement evaluated by the single dam model and by the dual dam model is
shown in Table 5. The representative output position is shown in Fig.5. The values of displacement at the
dam crest were properly larger than at the dam bottom. At the dam crest, the maximum displacement by the
dual dam model was dightly larger than by the single dam model. At the dam bottom, the maximum
displacement by the dual dam model was dlightly smaller than by the single dam model. The maximum
displacement at the crest center was 63.5 cm by the single dam model and 68.6 cm by the dual dam model.

Table 5 — Maximum displacement at representative position caused by earthquake motion

] o Gaam=6000 N/mm?
Representative position i
Single dam model Dual dam model
1 | Crest right abutment 29.9 cm 289 cm
2 | Crest right side 41.8 42.4
3 | Crest center 63.5 68.6
4 | Crest leftside 47.4 50.5
5 | Crest left abutment 30.3 24.0
6 | Bottom left 175 151
7 | Bottom center 210 15.6
8 | Bottom right 194 18.1

Ggam: Dynamic shear modulus of dam body

2 3 4
1 o—6—-0 5
(6] ©

© ©) o
8 6 7
Representative output nodes
Fig. 5 — Representative output position for displacement

3.1.2 Tensile stress at dam body caused by earthquake motion

The distribution of tensile stress at the dam body caused by earthquake motion is shown in Fig.6. Table 6
shows the comparison of tensile stress caused by earthquake motion. The representative output position is
shown in Fig.7. The tensile stress generated in the dam body by the dual dam model was generally larger
than by the single dam model. The maximum tensile stress at the dam crest was 15.72 N/mm? by the single
dam model and 22.38 N/mm? by the dual dam model. Asit is clear from Fig.6, the maximum tensile stress
showed large difference between the single dam model and the dual dam model. From this result, it is
considered that the evaluation by single dam model (the individual evaluation) will be a dangerous side
evaluation, consequently the evaluation by dual dam model (the coupled evaluation) shall be necessary.
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The mutua effects between plural dams should be considered in order to realize an accurate and
reliable evaluation for the multiple arch dam.

Ggam=6000N/mm?

N/mm2
23.00
21.56 =
20.13
18.69
17.25

Maximum Tensile Stress 15.721 N/mm? 15.81

(1) Single dam model 14.38 i

Maximum Tensile Stress 22.383 N/mm?
(2) Dua dam model

Fig. 6 — Comparison of distribution of tensile stress at dam caused by earthquake motion

Table 6 — Maximum tensile stress at representative position caused by earthquake maotion

. . Ggam=6000 N/mm?
Representative position _
Single dam model Dual dam model
1 | Crest right abutment 596 N/mm’ 11.20 N/mm?
2 | Crest right side 15.72 22.38
3 | Crest center 10.40 14.65
4 | Crest leftside 12.49 13.32
5 | Crest left abutment 11.94 19.26
6 | Bottom left 12.72 12.80
7 | Bottom center 8.23 5.39
8 | Bottom right 6.96 7.59

1 2 3 4
(- N
< @) o
8 6 7
Representative output elements

Fig. 7 — Representative output position for stress
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3.1.3 Tensile stress at foundation rock by earthquake motion

The distribution of tensile stress at the foundation rock generated by earthquake motion is shown in Fig.8.
The maximum tensile stress at the right abutment is 5.43 N/mm? by the single dam model and 10.76 N/mm?
by the dual dam model. The tensile stress by the dual dam model was approximately twice as that by the
single dam model. This result suggests that the individual evaluation by using the single dam model will be
the risk side evaluation, so that the coupled evaluation by using the dual dam model should be executed.

The seismic safety of arch dam is governed by the soundness of foundation rock, therefore careful
attention shall be payed to the occurrence of tensile stress in the foundation rock. As mentioned above, the
dynamic analysis using a single dam model will be arisk side evaluation. It is necessary to make a coupled
evaluation which can take the seismic interaction between plural dams into account in order to conduct a
proper evaluation.

N/mmz

10.00
938 @
875
8.13

1.88 M
1.25
063l

Maximum Tensile Stress: Maximum Tensile Stress:
5.43N/mm?2 10.76N/mmg?

(1) Singledam model (2) Dua dam model ol
Fig. 8 — Comparison of distribution of seismic tensile stress at foundation rock

3.2 Result about effect of non-linearity of dynamic shear modulus

Fig.9 shows the distribution of the maximum tensile stresses when the dynamic shear modulus (Ggam) Was
6000 N/mm? and 9250 N/mm? Table 7 shows the values of the maximum tensile stresses at the
representative output position which is shown in Fig.10. As can be seen from Table 7, the tensile stresses
generally decreased as the dynamic shear modulus decreased. At 19 positions of 22 positions, the tensile
stresses decreased due to the decrease of dynamic shear modulus. At position 12, when Gga,= 9250 N/mm?,
the tensile stress was 32.59 N/mn, and when Gg.m= 6000 N/mn?, it became 29.66 N/mm?. At position 15,
when Gyam= 9250 N/mn??, it was 32.07 N/mm, and when Gy, = 6000 N/mn, it became 26.62 N/mn?’. But,
at position 13, 6 and 18, the tensile stresses increased due to the decrease in dynamic shear modulus. At
position 13, when Gya, = 9250 N/mn, the tensile stress was 18.78 N/mm?, and when Ggam= 6000 N/mm, it
became 23.97 N/mn.

When the dynamic shear modulus of dam changes, there appear positions where the tensile stresses
increase and where they decrease. It is considered that this result is due to the seismic response of the
coupled dam and foundation rock system. The tensile stress in the dam tends to decrease as the dynamic
shear modulus decreased. As aresult, it can be thought that the non-linearity of dynamic shear modulus of
dam will have advantageous effect on the seismic safety of arch dam.
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Max. Tensile Stress  32.59 N/mmg? 20.63 i
(1) Gyan=9250 N/mn? 18.56 -

Max. Tensile Stress  29.65 N/mmg?
(2) Gyam=6000 N/mm?

Fig. 9 — Distribution of the maximum tensile stress when Gay= 6000 N/mm? and 9250 N/mn?.

Table 7 — Influence of decrease of dynamic shear modulus of dam on dynamic tensile stress

Representative position Gd 9250 N/mm? Gd 6000 N/mm?
1 | Right abutment 11.35 N/mm’ 11.20 N/mm?
2 | Right side 24.79 22.38
Crest 3 | Center 20.13 14.64
Right 4 [ Leftside 1368 1332
5 | Left abutment 29.75 9.27
6 | Right abutment 10.53 11.42
Middle 7 | Center 10.24 6.61
8 | Left abutment 22.48 13.68
9 | Right abutment 8.85 7.59
Botoom 10 | Center 15.46 12.80
11 | Left abutment 6.32 5.39
12 | Right abutment 32.59 29.66
13 | Right side 18.78 23.97
Crest 14 | Center 7.23 7.07
L eft 15 | Leftside 32.07 26.62
dam 16 | Left abutment 19.58 17.71
17 | Right abutment 25.44 22.85
Middle 18 | Center 4.27 481
19 | Left abutment 21.16 19.98
20 | Right abutment 7.59 5.79
Bottom 21 | Center 14.62 11.42
22 | Left abutment 8.24 6.42
8
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Fig. 10 — Representative output position for tensile stress

4. Conclusions

In order to develop accurate and reliable evaluation method, the seismic safety evaluation method for
multiple arch dam was studied based on the 3-D dynamic analysis. And the effect of non-linearity of
dynamic shear modulus on the tensile stress was a so studied.

As aresult, seismic tensile stress evaluated by the single dam model became smaller than by the dual dam
model. The individual evaluation by setting the single dam model will be a dangerous side evaluation, and
there is arisk for over-estimating the safety. Therefore, regarding the dua arch dam, the coupled evaluation
by setting the dual dam model should be made. Mutual effect between plural dams should be considered in
order to realize an accurate and reliable eval uation for the multiple arch dam.

Seismic safety of arch dam is governed by the soundness of foundation rock, so careful attention should be
payed to the occurrence of tensile stress not only in the dam doby but also in the foundation rock.

Seismic tensile stress in the dam body showed the decreasing tendency with decreasing of the dynamic
shear modulus. But, seismic tensile stress in the foundation rock showed increasing tendency as the dynamic
shear modulus decreased. From these results, it is considered that the non-linearity of dynamic shear
modulus has an advantageous effect on the dam body, however a disanvantageous effect on the foundation
rock. Thistendency will increase as the dynamic shear modulus of dam decreases.

The effect of dynamic shear modulus on the seismic tensile stress was relatively small in the evaluation by
the single dam model, but relatively large by the coupled dam model. The seismic tensile stress in the dam
body is affected by the seismic interaction between dams and foundation rock.

The more complex the shape and seismic response of dam becomes, the larger the mutua influence
between dams and foundation rock becomes. As for the structure with complex shape and complicated
constitution, it is necessary to evaluate the seismic performance by taking the mutua influence into
consideration.

As for the further study, the effect of thrust block, the effect of dynamic nonlinearity of foundation rock,
the effect of reservoir water, the effect of contraction joint and periphera joint, and so forth can be
mentioned.

5. Acknowledgements

The author is greatly indebted to Mr. Hiroaki Nakagawa, Mr. Yoshiaki Ozawa and Mr. Suguru Y asue of
Century Techno Inc. for their very kind hospitality and considerable assistance with the computer program
ISCEF.

© The 17th World Conference on Earthquake Engineering - 2j-0009 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

6. References
[1] https://www.hydrelect.info/articles.php?ng=fr& pg=1191
[2] https://www.pref.miyagi.jp/soshiki/snd-dam/sdam2492.html

[3] Century Techno Inc.: ISCEF (Integrated Software for Civil Engineering Fluid-structure interaction
system). (in Japanese)

[4] ArigaY, UeshimaT, Nakamura N and Shigjiri H (2014): Seismic safety evaluation for double arch dam
during the 2011 off the Pacific coast of Tohoku Earthquake by three dimensional dynamic analysis,

Journal of Japan Society of Civil Engineers, SER.A1l (Structural engineering and Earthquake
engineering), Vol.70, No.4, |_121-1_129. (in Japanese)

[5] ArigaY (2017): Study on evaluation method for seismic safety of multiple arch dam, Proceedings of the
16™ World Conference on Earthquake Engineering, No.3417, pp.1-10.

[6] UeshimaT, Kanazawa K, Murakami K, Nakamura M, Shigjiri H, Ariga’Y (2012): System identification,
detection of proper frequency variation of aged arch dam and vibrational behavior during the 2011 off
the Pacific Coast of Tohoku Earthquake by means of long-term continuous observation ambient
vibration / seismic motion, Journal of Japan Society of Civil Engineers, SER.A1 (Structural engineering
and Earthquake engineering), Vol.68, No.4, |_186-1_194. (in Japanese)

[7] Nakamura M, Shigjiri H, Ueshima T, Ariga Y (2013): Identification of dynamic characteristics of an
existing arch dam based on ambient vibration observation and three-dimensiona finite element analysis,
Journal of Japan Society of Civil Engineers, SER.A1l (Structural engineering and Earthquake
engineering), Vol.69, No.4, |_742-1_749. (in Japanese)

[8] Hatano T (1968): Theory of failure of concrete and similar brittle solid on the basis of strain, Journal of
Japan Society of Civil Engineers, N0.153, pp.31-39. (in Japanese)

[9] Watanabe H, ArigaY, Cao Z (2002): Earthquake resistance of a concrete gravity dam revaluated with 3-
D non-linear analysis, Journal of Japan Society of Civil Engineers, N0.696, 1-58, pp.99-110. (in

Japanese)

[10] ArigaY (2006): Verification of 3-D seismic safety evaluation method for existing dams by reproduction
analysis for actual earthquake behavior, Proceedings of the 1% European Conference on Earthquake
Engineering and Seismology, No.1214, pp.409-416.

[11] Ariga Y (2007): 3-D reproduction anayses for actual earthquake behaviors of existing dams,
Earthquake Resistant Engineering Structures (WIT Press), Vol.6, pp.289-298.

[12] Ariga Y, Cao Z and Watanabe H (2004): Study on 3-D dynamic anaysis of arch dam against strong
earthquake motion considering discontinuous behavior of joints, Journal of Japan Society of Civil
Engineers, N0.759, 1-67, pp.53-67. (in Japanese)

[13] Japan Society of Civil Engineers (2002): Standard specifications for concrete structures — Seismic
Performance Verification , pp.47. (in Japanese)

10

© The 17th World Conference on Earthquake Engineering - 2j-0009 -



