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Purpose of This Presentation:

To present selected results of a series of validation studies for
Modified Subtraction Method (MSM) and Fast Flexible Volume
(FFV). The validation of MSM is focused on application to large-
size embedded SSI models, specific to NI complexes, while the
validation of FFV is focused on application to deeply embedded
SSI models, specific to SMRs.

The validation of these methods, as required by ASCE 04-2013
and SRP 3.7.2-2013 drafts, is performed against the SASSI
Flexible Volume (FV) method that is considered to be the
reference method for embedded SSI analysis problems.
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Linearized SSI Analysis Using Complex
Frequency Substructuring (3 Steps SSI Approach)

Rigid Boundary SSI Substructuring

~
>

No Mass Structure No Mass Structure

p

a) Wave Scattering Problem  b) Impedance Problem  ¢) Structural Dynamic Analysis
(Kinematic SSI, Wave Pb) (External Force Pb) (Inertial SSI, External Force Pb)
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Flexible Boundary SSI Substructuring mil,

No Mass Structure No Mass Structure

7}4 + I/I . 1 Structure

% Each load case

another dynamic

\ J SSl analysis !!!

Flexible Volume SSI Substructuring Egggigftzd'\"g:f Y

- No wave scattering analysis.

- Free-Field Soil Impedance No Mass Structure

Problem is trivial; reduced to a </ e o @ @@
. . . l/ e o o o o
simple axisymmetric problem.
- Structural SSI dynamic problem Each load case solved
. . fast using axisymetric
slightly more complex since soil model | XU,
includes a coupled excavated soll —

- Multiple SSSI effects could be
analyzed without including any Excavated

surrounding soil layering elements! Soil Model
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SASSI Flexible Volume (FV) Substructuring Method
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__E> Complex Dynamic Stiffness Complex Seismic

Complex Frequency wa)g(w) — Q((BK)/ Load Vector

Domain Formulation:

Complex Soil Impedance Terms
Cisi o Ciei + Xiil/ _Ciew + Xiw
-C.. +X,., -C +X
C. 0

S1

\ Complex Absolute Displacements

4

Ciss | Ui | | XiiU 'i + Xin 'w \
0 <UW >:<Xwi‘[]'i+wa[I'w
CZS L US J L 0 J

REMARK: All Excavated Soil nodes are interaction nodes

(include exact equations of motion)
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SASSI Flexible Volume Methods for Embedded Structures
Flexible Volume Substructuring Approaches
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Excavated Soil Vibration Using FVM, SM and MSM

Effects of Ground Surface Constraints on Scattered Surface Wave Solution

constrained by free-field
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Rayleigh Wave Propagation in Half-Space (30 Hz)
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Rayleigh Waves in Soil Layering Over Rock (30 Hz)
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RB Complex SSI Model Case Studies

RB SSI Model

/,‘N

Nodes: Nodes: X Length:
Top: 23612 Top: 11750 323.584 ft.
Nodes: Bottom: 651 Bottom: 39 Corner Nodes from
Top: 11753 L_ Center Nodes from bottom to top layer:
p: i y bottom to top layer: 10241, 10245, 10248
Bottom: 1 Nodes: 4905, 4909, 4912 Corner Nodes

from bottom to
top layer: 1,5, 8

Top: 11733

Y Length:
Bottom: 748 £

427.666 ft.

N

Y Length:
363.833 ft.

Corner Nodes frol
bottom to top layer:
10577, 10581, 10584

Z Height:
42.25 ft.

Corner Nodes from
bottom to top layer:

Nodes: X Length: 289, 293, 296

Top: 11845 X Leng™"

' RB Foundation Kinematic SSI Model ™" “** RB Excavation Cavity Model
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Acceleration Transfer Function

Complete SSI Analysis Using RB Complex SSI Model

560-500 Profile
MSM: 40527, FVM: 31007 - X Direction

[6] NOILYH3 1300V

RB Complex SSI Model
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Acceleration Response Spectra

560-500 Profile at
MSM: 40527, FVM: 31007 - X Direction
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—MSM |- - ——— -
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Kinematic SSI Analysis Using RB Foundation Model

Acceleration Transfer Function
FBE Model 270-200 Profile
Node 11753 - X Direction

—=—FWM
—#—MSM
- T ATF
Massless Foundation SSI Model
12
Nodes: Nodes: gﬂ" ‘
Top: 23612 Top: 11750 & 3 ; 3 Pk \ P
Nodes: Bottom: 651 Bottom: 39 .
Top: 11753 L, . ; \
bty 1 S S Nodes: ? AN N £
— ; Top: 11733 : ; ; Y
Bottom: 748 .
; I/ \k ]
S S g R TN A
0 i i

Frequency (Hz)
Acceleration Response Spectra

FBE Model 270-200 Profile
Node 11753 - X Direction

Nodes:
Top: 11780
Bottom: 1439

Top: 11845
Bottom: 1484

Acceleration (g)

Frequency Hz)
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Wave Analysis Using RB Excavation Model

Excavated Volume Model Test - Computed ATF
Node 00001 Direction X

Excavation (Cavity) Model

X Length:

! 323.584 ft.
Corner Nodes from

bottom to top layer:

10241, 10245, 10248
® Corner Nodes

from botte—
toplaye : 1,5, 8
.

Center Nodes from
bottom to top layer:
4905, 4909, 4912

Y Length:
427.666 ft.

Corner Nodes from
bottom to top layer:
10577, 10581, 10584

Y Length:
363.833 ft.

Z Height:
42.25 ft.

Corner Nodes from
bottom to top layer:
289, 293, 296

X Length:
X Length: 161.667 ft.

161.917 ft.

25

15

Corner

I 1
10"
Excavated Volume Model Test - Computed ATF
Node 00008 Direction X

40

35

30

25 -

20 -

ATF at Top
Corner

Frequency (Hz)
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tional interaction nodes

selected from the excavated

soll internal nodes

Internal Nodes
Fast FV methods include

add

: b9
3, ':h'
ey
S
T
e
i
:
.
LTS
ey

=
L
=
I Ealaia - S
: ) :
-
.
[ S e VU ([ — \ﬂ
a N..... n + * i
. e i
N .-..W..MU.M b K .+“.x H
L SR, LA S WL AN SN A
CEAANET TS r. MR S
LR R i S =
E LT - - L
B Ly ) o'.“... = H
L

X

o
S

x dir

.
s, N '
S e L .% 4
o A e A * e R
RS e SRR - =
LR Dl
et 2 e - e e '
P L A o e M e 3 .
FR A e
AT T + w..%ﬁ..- .t.......mm R ]
e . + " po MR T [ Lo
[ w...l.c\l A R - |ﬁ-hrrk..hwﬁ hunnap...m. \. h
N R - .w..it.mu.r...nuo -
s A A I e e ]
e L R
O - EEA _
\ | Ay e + lafAA ..x\.-.m ) m
' H L F P PR, e
B ' ...Cm».‘...u..m.h«.. - - .E.Wﬁmuu.. LN 4 =
....... S IR,
"_ v s o“wu M-o.}..mn" *°F .J... c_-.\ h!r,%w ...\.. ]
H G A Pt o At '
\ \ A . i iy
i S
nh.. i H =
ind ..m.... .m.“ ' L
T, s -—
Fac L i
_A.,...wwr.f.v&.«.....wp o
e RS
P s
W LAE)
; A
m..WWWMH.uH.wu =
e A A
RS A A W
um.mwm,.h.,.., £
,m.o.”;.. Y ~A
g S
i ol
-
Pty
$
b
f
]
1
||||||||||||||||||||||||||||||||||||||||||||||||| L
! =
. =
=2

Fast FV (FFV) Methods for Embedded Structures
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Excavated Soil Interaction Nodes
Configuration for MSM



Cross-Shaped Excavation Cavity Study (180 ft x 180 ft x 50ft)

Cormer Nodes firom Corner Modes from
bottom to top layers: Center Modes trom hottom to top layvers:
1621, 1625,1629 bottom to top layers: 5509, 5613, 6517

3565, 3569, 3573

‘!-I,-H.E_—H

X

Corner Nodes frg
bottom to top ldyers: Corner Nodes from

7129, 7133, 137 bottom to top layers:
7021, 7025, 7029

Corner Nodes from

bottom to top layers:
725,5729,5733

Cokner Nodes from

Corner Hodes from bottom to top layers:

b ottam to top layers:
1729,1733,1737

Mode S-G9

Mods SJiS

Mode 109 Mods Sa01

{ orner Nodes from
bottom to top lavers:

Corner Nocles from
hottoam to top layers:

Node 1
109,113,117 1513,1517,1521 Neds 1405
Corner Nodes from Cormer Modes from
bottom to top layers: bottom to top layers:
1,5,9 1405, 1409,1413
15
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MSM vs. FFV vs. FV Methods: Horizontal ATF

Excavated Volume Model Test - ATF
Node 05517 Direction X

90 . T
—
----- FFV-EON| ‘
———— FFV-MHP)
80H ____. WIS il -
Corner Nodes from Cormer Modes from : : : :
hottom to top layers: Center Modles from pottam to top layers: 70 : : : : B
1621, 1625,1629 bottom to top layers: 5509, 5513,5517
3565, 3569, 3573 s
_\t BO v e e B 4
y x Corner Nodes from Corner Nodes frg
Corner Hodes fi- bg;‘;'g;‘;;og;;\;e“: Cokner Nodes from l;it;gn;]t;;op 3‘;9"5: Corner Nodes from L 501 4
el b . ! ! botom to top layers: ' 74 bottom to top layer 2
bottom to top !ayers. 7021,7025,7029 s
1729,1733,1737 B o4k il
N
30 P PP -
Node 4y 20k
Nods 5445 10
sde 541 10

"
Node 109 Frequency (Hz)

Corner Nodes from
bottom to top layers:

hottom to top layers:

Node 1
Excavated Volume Model Test - ATF

109,113,117 1513,1517,1521 b
Corner Nodes from Node 05513 Direction X
bottom to top layers: botton) to top layers: ! . :
1,59 1405,1409,1413
Excavated Volume Model Test - ATF
Node 05509 Direction X -
30 T
— F\f
----- FFV-EON
------- FFV-MHP|
————— MSM _
25 =
20 B
20 =
I’ 15 Y IR P S P -
o
E
£ 15 E
£
B 10 - "‘n —~
1
H H
n H
10 . il L
[
50 3 gl
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L
H
5- B 7
0 i
/ 100 1o
Frequency (Hz)
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MSM vs. FFV vs. FV Methods: Vertocal ATF

Excavated Volume Model Test - ATF
Node 05517 Direction Z

) 80 ‘
Corner Nodes from Corner Nodes from — Y
hottam to top layers: Center Hodes from pottom to top layers: || ====- FFV-EON H
1621, 1625,1629 bottom to top layers: 5509, 5513,5517 2ol 7270 :AF,S‘:\;‘MHP .
3565, 3569,3573 Ve =
L]
'y“t x Corner Nodes from Corner Nodes frg F
1]
corner Hodes fr bglztgl‘g;géog;;\;ers. Cokner Nodes fraom l;itltgn;]t;;op 3‘;9"5' Corner Nodes from 60 “
e e ' ’ bottom to top layers: ’ f bottom to top layers: i
hottam to top layers: 7021, 7025,7029 : n
1729,1733,1737 50+ H
—>d
@ H L]
o i
p=3
= 40 HE .
E 1
< H
Node 4y [
1
30 H .
L]
L} ]
Nods 5445 H :
201 ( i
L3 L]
: £
Node 109 .. Nods Sd61 i H
10+ e
Corner Nodes from Corner Nodes from i
haottom to top layers: Node 1 bottom to top layers: - H
109,113,117 1513,1517,1521 - i A
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Deeply Embedded Excavation Models

Excavated Soil

Corner Nodes from bottom Center Nodes from bottom
totop layers: totop layers:
1,3841, 7681 137,10786, 7817
/L Z-coordinates: -120,-60, 0 Z-coordinates: -120,-60, 0
x y X, Y-coordinates: 0, Q, X, Y-coordinates: 64, 64
Node 7921
Coordinate: Node 7696
120,0,0 Coordinate:
0,120,0
Node 4081
Coordinate: Node 3856
120,0,-60 Coordinate:
0,120,-60
Node 241 Node 16
Coordinate: Coordinate:
120,0,-120 0,120,-120
Massless Foundation
y 13726
x
Comer Nodes from

top to bottom layers:
7681, —
6913,

6145,

5377,

4609,

3841,

3073,

2305,

1837,

Z-coordinates (ft). 0,
-12,-24,-36, 48, -
60, -72, -84, -96, -
108, -120
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Layer Thickness Depth Unit P-Wave
Weight Velocity
1 4 4 0.1 2000
2 4 8 0.1 2000
3 4 12 0.1 2000
4 4 16 0.1 2000
5 4 20 0.1 2000
6 4 24 0.1 2000
1) 4 28 0.1 2000
. 8 4 32 0.1 2000
Uniform F 1 B B 0
10 4 40 01 2000
. 1 4 44 01 2000
SOII 12 a a3 0.1 2000
13 4 52 0.1 2000
14 4 56 0.1 2000
15 4 60 0.1 2000
16 4 64 0.1 2000
17 4 68 0.1 2000
18 4 72 01 2000
19 4 76 0.1 2000
20 4 80 0.1 2000
21 4 84 0.1 2000
2 a 88 0.1 2000
23 4 92 0.1 2000
4 4 96 0.1 2000
25 4 100 0.1 2000
26 4 104 0.1 2000
i a 108 0.1 2000
28 4 112 0.1 2000
L) 29 4 116 0.1 2000
28 30 4 120 01 2000
p-] Halfspace
30
Layer Thickness Depth Unit P-Wave
i Weight
3
3 ! 4 4 0.1 2000
4 2 4 8 0.1 2000
5 3 4 12 0.1 2000
. 4 4 16 0.1 2000
§ 5 a 20 0.1 2000
? 6 4 24 0.1 2000
H 7 4 28 0.1 2000
9 8 a 32 0.1 2000
o N U . f 190 4 36 0.1 2000
- 4 40 0.1 2000
. NON-unirorm 0 ¢ o o
12 . 12 4 48 0.1 2000
B SO|I 13 4 52 01 5000
u 14 4 56 0.1 5000
N 13 4 60 0.1 5000
e 16 a 64 01 5000
16 17 4 68 0.1 5000
iy 18 4 72 0.1 5000
" 19 4 76 0.1 5000
» 20 4 80 0.1 5000
21 4 84 0.1 5000
» 2 P 88 0.1 5000
1 23 4 92 0.1 5000
p 4 4 96 0.1 5000
» [ 25 4 100 01 5000
. 26 4 104 0.1 5000
» 27 4 108 0.1 5000
B 28 4 112 0.1 5000
% 28 4 116 0.1 5000
7w 30 4 120 0.1 5000
Halfspace
b
»
30
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S-Wave
Velocity

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

S-Wave

Velocity Velocity

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000
10000

P-Wave S-Wave
Damping Damping
Ratio Ratio
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
P-Wave S-Wave
Damping Damping
Ratio Ratio
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
0.02 0.02
18



Masless Foundation Deeply Embedded Model
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top to bottom layers:
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4609,
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3073,
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1837,
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Z-coordinates (fty 0,
12,24, 36, 48, -
60,72, -84, 96, -
108, -120

FFV Skip 2
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Excavation vs. Massless Foundation Models for Uniform Soil
Excavation Cavity Model HORIZONTAL Massless Foundation Model

Excavated Volume Plus Shells Model Test - ATF
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Excavation vs. Massless Foundation Models for Uniform Soil
Excavation Cavity Model VERTICAL Massless Foundation Model

Excavated Volume Model Test - ATF Excavated Volume Plus Shells Model Test - ATF

Node 00241 Direction Z Uniform Soil - Node 00001 Direction Z
, T
H T
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Excavation vs. Massless Foundation for Non-Uniform Soil
HOR|ZONTAL Massless Foundatlon Model

Excavation Cavnty Model

T
Fv (Nonunlform)
FFV SKIP2 (Nununifor )
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Amplitude

Excavation vs. Massless Foundation for Non-Uniform Soil
Excavation Cavity Model VERTICAL Massless Foundation Model

Excavated Volume Plus Shells Model Test - ATF
Nonuniform Soil -- Node 00001 Direction Z
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Conclusions

MSM is a highly accurate and robust SSI approach for large-size embedded
foundations, as nuclear island (NI) complex foundations. MSM is much more robust
than SM.

MSM could break down for deeply embedded foundations on a case-by-case basis.

FV or FFV should be used for deeply embedded foundations, especially for soft soil
layers above stiff soil or rock formations.

The use of excavation cavity models to evaluate the accuracy of MSM or FFV for SSI
analyses can be less practical, since they can provide “false alarms”.
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