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Introduction

Numerical analysis of dams

®* The primary focus of this paper is to examine some basic problems in
seismic wave propagation that can arise when using reduced-domain
models of a semi-infinite medium.

®* We explore the use of two finite element codes, DIANA FEA and LS-

DYNA to model seismic wave propagations in an elastic medium and , 7 L2
we evaluate their accuracy where the answer is known a priori. 2y | Lt
- A 4
* This presentation is based on the results for two benchmark study ~ _ ’ . = v
Cases B and C using the impulsive excitation signal. b d fh
L
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Semi-Infinite Medium vs. Reduced-Domain Model

Numerical analysis of dams

®* The reduced-domain model must adequately represent elastic wave propagation in a semi-infinite half-space.

®* Boundary conditions are needed for the reduced-domain model to keep the motions at the side boundaries
equivalent to what they would be in the semi-infinite medium, and to prevent internal reflections.
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Evaluation conducted using 4 models:
(i) DIANA with non-reflecting boundary condition;

(ii) LS-DYNA with “Boundary-Non-Reflecting”
conditions and an augmented input record re-
sampled at 1/100t of the interval of the normal
input record (time step 0.00001 s);

(iii)DIANA with a preliminary implementation of the
free-field boundary condition; and

(iv)LS-DYNA with “Boundary-Non-Reflecting”
conditions and a normal input record (time step
0.001 s).
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Impulsive Excitation

High and low frequency pulse

High-Frequency Time Pulse (Velocity)

Valocity Test Pulse: Fourier Ampliude Spactrum

Numerical analysis of dams

=3 ~. [— rserm) At Fryquist Fx Fio Fui Impulse Record Zero-
. N\ Impulse (sec.) (Hz) (Hz) (Hz) (Hz) Amplitude Duration pad
“1 N\ (m/s) (sec.) (samp.)
o N, Low Frequency 0.01 50 4.0 0.5 8.0 0.01 20 10
§ - \ High Frequency 0.001 500 40 5 80 0.01 2.0 10
f - ‘E‘Yz ..\.\
( Misfit measure of computed vs. theoretical waveforms
. N
\ Scale-dependent measure over the window [t,,t,] is
' ! ! j 5 100 200 300 : 400 ‘K“ln 1 t2 2
00 02 04 06 08 10 2 Y
Frarmaneu mse” = — V., —V
Low-Frequency Time Pulse (Velocity) Velocity Test Pulse: Fourler Amplitude Spectrum (t2 _tl +1) ;( ! ! )
oo - — FAS(FFTW) . . .
\ . N\ Scale-independent normalized measure is
e —\2 V2
| | nmsez{msez/[(vt—vt) +0V2+a§}}
I} ;%L =5 ‘.\\.\
( ) where v, and 7, are the means of the computed and
theoretical time histories and o and o; are their
x; 2 4 6 8 \Iu ) i) 2 30 : a0 ) vVa ria nces
Time s) equency (Hz)
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Case B - Foundation Block — High Frequency Pulse

Results at the foundation surface: a, c, e, g

nmse — velocity

(i)
(iii)
(iv)

nmse — spectra
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(i)
(iii)
(iv)
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0.037
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0.944
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0.944

0.994

0.994

0.044

0.994

(i) DIANA 10.3 without Free-field BC

.1 Froe Suace Velocky. NWSE using DIANA: 00,065, c-0.09, ¢-0.575, -0 527

(ii) LS-DYNA with augmented input

8.4:Free-Surfoce Velocty, NMSE using LS OYNA (aul: 0-0.860, c-0.089, €-0.367, 9-0.920
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(i) DIANA 10.3 without Free-field BC

B olochy FAS. NASE asig DUANA, a=h 153, £-0. 184, 0-0.47, -0

(i) LS-DYNA with augmented input

B4 Velucy FAS. NMSE uning L VA g 2-0.012, coh 87, -840, 4.8
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(iii) DIANA 10.4 (beta version) with Free-field BC

1 From Sartnc Vnlochy. NWSE unieg DUANA whF: a=0.04, =041, #0055, 90,807

Velcaity, ms
05 0000 0005 DOT0

A&“

o
=

(iv) LS-DYNA with normal input

1 Fron Sartncn Vnlochy, NWSE uaing LS 0YMA:

o010

Velocity, mis
000 oS
1 n

o010 2008

0083, .80, a4 871, 40520

(iii) DIANA 10.4 (beta version) with Free-field BC

1 Welaciy 65, NMSE wming CBANA ¥ s-001, £=4837, 50123, g-3.004

1 Velscay FAS. NMSE Using L VA 3-0.072, €095, 50944, 094

Soectal Amointe

1 10 100
Fiaquency (He)
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Case B - Foundation Block — Low Frequency Pulse

Results at the foundation surface: a, ¢, e, g 7 —

nmse — velocity J a C

-ﬂ-ﬂﬂ ’ 3 a

0210 0.354 0581 0.638

(i)
(iii)
(iv)

0.206

0.008

0.023

0.362 0.586

0.008

0.367

0.008

0.589

nmse — spectra

un (iii) DIANA with Free-field BC

(i)
(iii)
(iv)

0.430

0.413

0.022

0.400

0.816

0.820

0.022

0.822

0.924

0.926

0.022

0.926

0.642

0.009

0.644

0.939

0.940

0.024

0.940

(i) DIANA without Free-field BC

B.2:Frea-Sutace Velocity NMSE usieg DIANA: 8-0210, =0 354, 6-0.581, G038

ng I —————
@

as 10 15 20

B.2: Froa Surlace Velochy. MUSE using DIARA wFF: a-5036. c-0.008, o~0.008, g-0.008

g

Veiocty, mis

0010 0005 0OO0 008

(ii) LS-DYNA with augmented input

B2 Free. Surtace elociy, WISE using L5CVMA (30l 6-0.206, <062 6-0.506, Q=052

(1) DIANA 10.3 without Free-field BC

83 Velocky FAS. NMSE uing DIANA: 3-8.63, <115, =0 54, -0

Valocity, mis
0010 0005 Q000 0005 0010

(iv) LS-DYNA with normal input

8.2 Froe Surtace Valociey. NMSE using LS DYNA: a-0.303, e=0.36T, o-40.585, 0604

E A E?_
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EE j [ p————

B W
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Frocuency (2)

(iii) DIANA 10.4 (beta version) with Free-field BC

83 Velocky FAS, NUISE wnig DUANA ¥ 20027, c=0 127, -0 872, 3-0.024

e - Thecry

— Pia

— P
P

\ P

(ii) LS-DYNA with augmented input

82 Valeciny FAS. MMSE using LS OVMA fmmgl: =0 413, -0 820, 0-0 026, 4,840

N P
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"

10°
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w0t

Speciral Ampliute
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-
(iv) LS-DYNA with normal input

52 Volocity FUS. NMSE usk - 0VIA: 9=$400, 4,122, 4=0 326, g-0 M0

—— Thecey
Pia
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Case B - Foundation Block — High Frequency Pulse

Results at the foundation base: b, d, f, h

nmse — velocity

(i)
(iii)
(iv)

nmse — spectra

0.093

0.071

0.075

0.073

0.116

0.111

0.075

0.112

0.437

0.418

0.072

0.421

0.594

0.603

0.105

0.605

(i)
(iii)
(iv)

0.043

0.079

0.027

0.079

0.151

0.154

0.026

0.154

0.611

0.628

0.124

0.628

0.823

0.830

0.038

0.830

(i) DIANA 10.3 without Free-field BC

5.1 Frem Surtace Volochy, WMSE using CUNA: b-0.093, 4518, -0.03, =584

0002 0000 0002 0004
P —

(1if) DIANA 10.4 (beta version) with Free-field BC

51 Froe-Surtace Velocky. NUSE wiog DUANA wF: b-0.075, 4-6.073, 10072, . 103
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(ii) LS-DYNA with augmented input

1 From Susface Vilocky, MMSE wing LS YNA fnsgh b-0.071, =311, 041K, hed 603
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(a) DIANA 10.3 without Free-field BC

1: Valocity FAS. NMSE wsing DIANA: b-3,643, 0151, 1-0511, 0223

i Y YYWYWT

S ——
1 10 100
Froquancy (Ha)

(c) DIANA 10.4 (beta version) with Free-field BC

B Vedaciy FAS, NMSE using DUANA wFF: b-8.27, 4-0.026. -8.124, h-0.08
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g 7
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2 1 o 100
W

Jerzy Salamon, Christopher Wood, Jonna Manie

(b) LS-DYNA with augmented input

.1 Velociy FAS. NWSE ssing LS OTNA: b-0.075, 40154, 1-0.28, h-0.830

1 o 7 mem
[~
H

1 10 100
Froquency (D)

(d) LS-DYNA with normal input

1 Velociy FAS. NWSE sning LS. DTNA: b=0.075, 4-0.154, -0.528, 0830
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Case B - Foundation Block — Taft Earthquake '

Results at the foundation top surface: Point a
* Very good agreement between theoretical solution & free-field BC results

—_—
Numerical analysis of dams

* 30% lower peak velocities if Only the non'reﬂectlng BC is used Response Spectra at Point a. NMSE: Non-Reflecting BC=0.462, Free-Field BC=0.006
Velocities at Point a, Non-Reflecting BC: NMSE: 0.276 ] Theoretical
q — Non-Reflecting BC
- B — Free-Field BC
| Theoretical =
— Mon-Reflecting BC % B
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Case B - Foundation Block — Taft Earthquake

Results at the foundation top surface: Point ¢
* Very good agreement between theoretical solution & free-field BC results

—_—
Numerical analysis of dams

' H H H Response Spectra at Point c. NMSE: Non-Reflecting BC=0.861, Free-Field BC=0.006
* 40% lower peak velocities if only the non-reflecting BC is used
Velocities at Point ¢, Non-Reflecting BC: NMSE: 0.327 ] Theoretical
b — Non-Reflecting BC
- — Free-Field BC
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Foundation / Dam Model (Case C) Study ) S A MITANO

lllustration of a seismic wave propagation in a dam-foundation system:
®* Uniform upgoing wave in the foundation
®* Dam presence interrupts continuity of the wave

* A part of the wave reflects from the upper face of the foundation and
a part of the wave propagates into the dam structure until it is
reflected from the dam crest

®* The disturbed wave starts to propagate down back to the foundation

t=0.160s8 t=0.190 g
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Comparison of Case B and Case C

Observations:

®* Velocity amplitude reduced at the dam base
®* Dam presence disturbs the uniform wave form

® Foundation block model used in deconvolution vs.

foundation-dam model used in the time analysis

History of Velocities at Pointa
0.012

High Frequency Pulse Point Case Bl Case C1 Case C3 20.008 —B1 =01
Maximum velocity c 0.0104 0.00903 0.00903 o004 n
i =1 PN o FAN.
Jj 0.0104 0.00903 0.00903 §ZZ§Z° - - P A =
Minimum velocity c -0.0103 -0.0121 -0.0121 -0.008 V
Jj -0.0103 -0.0121 -0.0121 -0.012
Time (s)
0010 History of Velocities at Pointa
Low Frequency Pulse Point Case B2 Case C2 Case C4 0005 —B2 —(2
Maximum velocity c 0.00623 0.00611 0.00611 Eo'm;] AN N
j 0.00623 0.00611 0.00611 EO'ODSOG ”\l A4 15 2o 2ls 3l
Minimum velocity c -0.00641 -0.00717 -0.00708 -0.010
j -0.00641 -0.00715 -0.00706 0,015
Time (s)
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Conclusions

—_—A -
Numerical analysis of dams

We showed that significant errors can arise due to the absence of the free-field boundary condition in FE
simulations of wave propagation in an elastic media.

The most efficient solution for end users would be if the commercial code writers implement such boundary
conditions in their products.

Because of the significant error introduced by neglecting this free-field boundary conditions, this should be a
high priority investigations for the engineering community .

Using a foundation block model in a deconvolution process of the earthquake loads and applying the obtained
deconvoluted acceleration record to a foundation-dam model may result in significant analysis errors.
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