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FEDERAL EMERGENCY MANAGEMENT AGENCY e ——ra]

PRESTANDARD AND COMMENTARY FOR THE
SEISMIC REHABILITATION OF BUILDINGS

3.2.6 Soil-Structure Interaction

The effects of soil-structure interaction (S51) shall be
evaluated for those buildings in which an increase in
fundamental period due to S51 effects will result in an
increase in spectral accelerations. For other buildings,
the effects of 551 need not be evaluated.

851 effects shall be caleulated in accordance with this
section, or other approved rational procedure. The
simplified procedure shall be permitted only when the
LSP is used. The explicit modeling procedure shall be
used when the LDE, NSP, or NDP are used. It shall be
permitied to ignore the effects of damping in the
calculation of SSI when SSI effects are not required to
be evaluated.

C3.2.6 Soil-Structure Interaction

Soil-structure interaction (SSI) may modify the seismic
demand on a building.

For those rare cases (such as near-field and soft soil
sites) in which the increase in period due to 551
increases spectral accelerations, the effects of 551 on
building response must be evaluated.
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3.2.6.1 Simplified Procedure

Calculation of SSI effects using the simplified
procedure shall comply with the procedure in ASCE 7
utilizing the effective fundamental period and effective
fundamental damping ratio of the foundation-structure
system.

When the simplified procedure is used to evaluate 551
effects, reduction in seismic demands on elements and
components shall not exceed 25% of the demands
calculated without 551 effects.

3.2.6.2 Explicit Modeling Procedure

Calculation of SSI effects using the explicit modeling
procedure shall explicitly model the stiffness and
damping of individual foundation elements. Foundation
stiffness parameters shall comply with the requirements
of Section 4.4.2. In lieu of explicitly modeling
damping, the effective damping ratio, f, of the
structure-foundation system shall be permitted to be
calculated using the simplified procedure. The damping
ratio used for individual foundation elements shall not
exceed the value used for the elastic superstructure. For
the NSP, the effective damping ratio of the foundation-
structure system shall be used to calculate the speciral
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1. Consideration of Foundation Rocking: Buildings
may rock on their foundations in an acceptable
manner provided the structural components can
accommodate the resulting displacements and
deformations. Consideration of rocking can be used to
limit the force input to a building; however, rocking
should not be considered simultaneously with the
effects of soil flexibility.

The design professional 1s directed to FEMA 274 and
the work of Yim and Chopra (1985), Housner (1963),
Makris and Roussos (1998), and Priestly and Evison

(1978) for additional information on rocking behavior.

A possible procedure for considering rocking 1s
outlined in Figure C4-1. The procedure involves the
following steps:
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For shallow bearing footings that are rigid with respect
to the supporting soil, an uncoupled spring model, as
shown in Figure 4-3(b), shall represent the foundation
stiffness.

The equivalent spring constants shall be calculated as
specified in Figure 4-4.

Upper bound

Lower bound

Load

Deformation

(a)

Foundation load Uncoupled spring model
(b)

Degree of Freedom

Stiffness of Foundation at Surface

Note

Translation along x-axis

Translation along y-axis

Translation along z-axis

Rocking about x-axis

Rocking about y-axis

Torsion about z-axis

X, sur

GRB L 0.65
= Y4
: ‘.[3.4( 3) |_2]

s .65
Ky qur = 2(’—3‘.[3_4(";] +0_4§ —n.s]
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3
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]+n.1]

; GB' Ly24
Kppour = —[0.4? -) +0_034}

1-v

z, sur

N 1245
K., = r;g"[n.ss[g] +0.51}

Orient axes such that L> B

Degree of Freedom

Rocking about x-axis

Rocking about y-axis

Torsion about z-axis

B = l+2.sg[l 428
S
B.. = 1+2.6(l +§](

2d,
B

d
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D

Correction Factor for Embedment Note
Translation along x-axis s 04
B, = [1+0_21 ;Q]-[l + |.f>(”mr BilL ]]
£ NB 2
! BL
Translation along y-axis f = _L _l_
'y x
Translation along z-axis - l_LQ ?+?6§ . d(B + L)Y
B- = |: eV :||: : ‘[ BL ] d = height of effective sidewall

)]

contact (may be less than total
foundation height)

h = depth to centroid of effective
sidewall contact

For each degree of freedom,
calculate

Kemt = B Kaur
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SEISMIC ANALYSIS PROCEDURES
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This chapter presents simplified procedures for
including the effects of interaction between a structure
and the supporting soils in a structural model for
nonlinear static analysis procedures. There are three
primary categories of soil-structure interaction (S5I)
effects. These include:

« introduction of flexibility to the soil-foundation
system (flexible foundation effects),

= filtering of the character of ground shaking
transmitted to the structure (kinematic effects). and

= dissipation of energy from the soil-structure system
through radiation and hysteretic soil damping

(foundation damping effects).

Current analysis procedures in FEMA 356 and ATC-40
partially address the flexible foundation effect through
guidance on including the stiffness and strength of the
geotechnical (soil) components of the foundation in the
structural analysis model. However, these procedures
do not address the reduction of the shaking demand on
the structure relative to the free-field motion caused by
kinematic interaction or the foundation damping effect.
Guidance on including these effects in NSPs is provided
in this section. A simple example illusirates the
application of these procedures. Appendix E provides
detailed information on these soil-structure interaction
effects.
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FEMA 440 (2005)
Flexible Foundation Effects
AR PEAIARO] SRE 7| A A AHY] P& 9 ALY Lo WYL £y
olzst SSI e vt= VAT BEd] AAAIN v woto], 12 E29] X-5537]

H
7} 01| 3, Chepet @ 2 5719] Po] RmL wakstl, 8] 7] 9 u]e

9 7159 mestwis)

Clay stratum z
[p,s,, V]

FLL NN LA ; LA LA

Seismic excitation T

A\ 4

Foundation Rocking Period Lengthening




1.4 7|&

270

FEMA 440 (2005)

Foundation Damping Effects
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Adjust for foundation
damping

——

[

Kinematic interaction
(high T-pass filter)

]

i

= foundation input motion (FIM)
vﬁth system damping including
foundation damping

foundation input motion (FIM) with
conventional damping

frea field motion (FFM) with
conventional damping

Foundation Damping
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8.2 Procedures for Kinematic Effects

The ground motions imposed at the foundation of a
structure can differ from those in the free field due to
averaging of vanable ground motions across the
foundation slab, wave scattering, and embedment
effects. These effects are referred to here as kinematic
interaction effects, and they tend to be important for
buildings with relatively short fundamental periods
(1.e., pertods < ~ 0.5 3), large plan dimensions, or
basements embedded 10 feet or more 1n so1l materals.
This section presents procedures to account for

kinematic effects on building structures.
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Kinematic Interaction Effects o
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I. Ewaluate the effective foundation size b, = \-'E, g E 09 _ @ 1L _ _ |
where a and b are the full footprint dimensions (in Tz L g L " ]
feet) of the building foundation in plan view. 25 o8l -— | eoa b N
m v . N
2. Evaluate the RRS from base-slab averaging § g i @ 1
(RRS,,,) as a function of period (see Figure 8-2). cs 071 N . Lo e=30ft R
An ap;::;nximatiun to the curves in Figure 8-2 is § B T S'mpmjf‘: 2.-15:1:'{1 . % et - : ) f:gg :x .
given by the following: § g 0.6 - ' — — b,=1301 7] _g 04 = v: = 600 fUs ]
L2 Le i — — b,=2001 N 1
| b\ i g 05 .. ———-- b,=3301 - 02 7
RRS,, =1- o = the value for I i )
14' lm T 0.4 P L | L | L L 1 0 . 1 . 1 . | L | .
r=02s (8-1) 0 02 04 06 08 1 12 .
3. If the structure has a basement embedded a depth e Pericd (s) Period (s)
from the ground surface, evaluate an additional
RRS from embedment (RRS,) as a function of Figure 8.2 Ratio of response spectra for base slab ~ Figure 8-3 Ratio of response spectra for embedment
period (see Figure 8-3). An approximation to the averaging, RRSp,., as a function of perio RRS,, for an embedment, e, of 30 feet as
curves in Figure 8-3 is given by the following: 1, and effective foundation size, b,.. a function of period, T, and shear wave
velocity, v,.
2
RRS, = cos[ TEE ] = the larger of 0.453 or the
v, -
A Such effects should not be considered for buildings
RRS, value for T=02s. 8-2 . - .
¢ (8-2) without basements, even if the footings are embedded.
where Embedment effects tend to be significant when the
) o depth of basements is gy
¢ = foundation embedment (in feet) following simplified pr 9-’ 7] _7]‘<__7]- _]__LCQ ﬂ 01 9\)]\ ]:1 E}E
v, = shear wave velocity for site soil conditions, 3“*1'3"_515 l_’)f1ﬂ"1E5:E two ki . .
taken as average value of velocity to a depth function of period, T, off X|5} LA F-0] §l= 7420 isiA]=

of b, below foundation (ft/s)

= SF A
n = shear wave velocity reduction factor for the Embedded EﬁeCtE —‘_LE:] OE'.]_ e %HAE'
expected PGA as estimated from Table 8-1. I

0
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Kinematic interaction effects should be neglected for
soft clay sites such as Site Class E.

Embedment effects can be neglected for foundations
embedded in firm rock (Site Classes A and B).

The base-slab averaging model:

a. underestimates reductions in ground motions
for foundation matenals that consist of firm
rock (Site Classes A and B).

b. has not been rigorously studied for structures
without large in-plane stiffness (continuous mat
foundation or footings interconnected with a
reinforced slab and/or grade beams); however,
it 1s considered reasonable to extend its applica-
tion to all structures except those without both
an interconnected foundation and ngid floor
and roof diaphragms.

c. has not been ngorously studied for structures
with plan dimensions greater than 200 ft.; how-
ever, it 15 considered reasonable to extend the
application to these conditions, provided that
the foundation elements are laterally connected.

d. has not been rigorously studied for structures
with pile-supported foundations; however it 1s
considered reasonable to extend application to
pile-supported structures in which the cap and
so1l are 1n contact or in which the caps are later-
ally connected to one another by a slab or grade
beams.
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Calculate the translational stiffness of the founda-
tion, K. This can be evaluated using the procedures
in FEMA 356 (Chapter 4) or ATC-40 (Chapter 10).
For many applications, the translational stiffness
can be estimated as

(8-5)

where G = effective, strain-degraded soil shear
modulus and v=so1l Poisson’s ratio (~0.3 for sand,
~0.45 for clay).

ocHad O
O 2

FEMA 356 7| && A1 &

Degree of Freedom

Stiffness of Foundation at Surface

Note

Translation along x-axis

Translation along y-axis

Translation along z-axis

Rocking about x-axis

Rocking about y-axis

Torsion about z-axis

LGB,
o A 1]
- 0.65
Ky = ;’—v[m{g) +o.d§—o.ﬁ]
) 0.75
K. o = 1('_81- |.55(§_] +0.3]
GBr (L
K. - —[0.4(-]+0 1]
v
GB Ly
K = ’—[047[5} +n,034]
”
L 2.4
K =r5[053{§} +051]

battom ™~
center

Degree of Freedom

Caorrection Factor for Embedment

Translation along x-axis

Translation along y-axis

Translation along z-axis

Rocking about x-axis

Rocking about y-axis

Torsion about z-axis

b -(1o0m ) o (20
B, = B

b1 A 2 [ o2 ]

b=t 58)

b= 1 E Do Y )

b v g

d = height of effective sidewall
contact (may be less than total
foundation height)

h = depth to centroid of effective
sidewall contact

For each degree of freedom,
calculate

Kemp = B Keur
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CHAPTER 19
SOIL-STRUCTURE INTERACTION FOR SEISMIC DESIGN

19.1 GENERAL

19.1.1 Scope Determination of the design earthquake forces
and he corresponding displacements of the structure is
permitted to consider the effects of soil-structure interaction
(SSI) in accordance with this section. If soil-structure
interaction effects are considered, the analytical model of the
structure shall directly incorporate horizontal, vertical, and
rotational foundation and soil flexibility. For the purpose of
this section, both upper and lower bound estimates for the
foundation and soil stiffnesses per Section 12.13.3 shall be
considered. The case that results in the smaller reduction, or
greater amplification, in response parameters shall be used for
design. SSI may be used in conjunction with the nonlinear
response history procedure of Section 19.2.3 when the
structure is located on Site Class C, D, E, or F. SSI base slab
averaging and embedment effects may not be used in conjunction
with the equivalent lateral procedure of Section 19.2.1 nor the
linear dynamic procedure of Section 19.2.2.

If the provisions of this chapter are used, then Sections 12.8.1.3
and 12.13.4 shall not apply.

19.1.2 Definitions The following definitions apply to the
provisions of Chapter 19 and are in addition to the definitions
presented in Chapter 11:

a, = Dimensionless frequency [Equations (19.3-11) and
(19.3-21)]

B = Half the smaller dimension of the base of the structure

Bgg; =Factor to adjust the design response spectrum and
MCEg response spectrum in accordance with Sec-
tions 11.4.6 and 11.4.7 or a site-specific response
spectrum for damping ratios other than 0.05 [Equa-
tion (19.2-4)]

b, =Effective foundation size [Equations (19.4-4) and

~(19.4-4SD)]

C,; =Seismic response coefficient determined in accor-
dance with Section 12.8.1.1, assuming a flexible
structural base at the foundation—soil interface in
accordance with Section 19.1

D, =Depth of a soft layer overlaying a stiff layer [Equa-
tion (19.3-4)]

e = Foundation embedment depth

G, = Effective shear modulus used in determining radiation
damping effects derived or approximated based on
Gy,q and Table 19.3-2

Gy, = Average shear modulus for the soils used in deter-
mining radiation damping effects computed using
Equation (20.4-1), over a depth of B or ry below the
base of the structure at small strain levels
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19.1 GENERAL

19.1.1 Scope Determination of the design earthquake forces
and he corresponding displacements of the structure 1is
permitted to consider the effects of soil-structure interaction
(SSI) in accordance with this section. If soil-structure
interaction effects are considered, the analytical model of the
structure shall directly incorporate horizontal, vertical, and
rotational foundation and soil flexibility. For the purpose of
this section, both upper and lower bound estimates for the
foundation and soil stiffnesses per Section 12.13.3 shall be
considered. The case that results in the smaller reduction, or
greater amplification, in response parameters shall be used for
design. SSI may be used in conjunction with the nonlinear
response history procedure of Section 19.2.3 when the
structure is located on Site Class C, D, E, or F. SSI base slab
averaging and embedment effects may not be used in conjunction
with the equivalent lateral procedure of Section 19.2.1 nor the
linear dynamic procedure of Section 19.2.2.

If the provisions of this chapter are used, then Sections 12.8.1.3
and 12.13.4 shall not apply.

19.2.2.1 SSI  Modified  General  Design  Response
Spectrum The general design response spectrum, which
includes the effects of SSI to be used with the modal analysis
procedure in Section 19.2.2, shall be developed as follows:

- 5 T ,
S, = [(@—2) XT_3+ 04] X Sps

For0 < T < T, and

(19.2-4)

S,=8ps/Bsg for Ty <T <Tg, and
S,=Sp/(BsgT), for T¢<T <T,, and
Sa=Sp T/ (BssiT?), for T > T,
where S5, and §j,, are defined in Section 11.4.5; T'¢, Tj;, and T

are as defined in Section 11.4.6; T is the period at the response
spectrum ordinate; and Bgg is defined in Equation (19.2-3).
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19.2 SSI ADJUSTED STRUCTURAL DEMANDS

19.2.1 Equivalent Lateral Force Procedure The inclusion of
kinematic interaction effects, in accordance with Section 19.4 or
other methods, is not permitted with the equivalent lateral force
procedure. To account for the effects of SSI using a linear static
procedure, the base shear, V, determined from Equation (12.8-1)
is permitted to be modified as follows:

V=V-AV (19.2-1)
C,\ -
AV = (C'j— - )W <03V (19.2-2)
Bss;

1.4 for R<3
Bggi=4/[5.6—1In(100B,)] < l.?—% for 3<R<6 (19.2-3)
1.1 for R>6

where

V = Base shear adjusted for SSI;

V = Fixed-base structure base shear computed in accordance
with Section 12.8.1;

R = Response modification factor in Table 12.2-1;

C, = Seismic response coefficient determined in accordance with
Section 12.8.1.1, assuming a fixed structural base at the
foundation—soil interface;

o thstof A S 2 7]=

19.2.2 Linear Dynamie Analysis The inclusion of kinematic
interaction effects, in accordance with Section 19.4 or other
methods, is not permitted with the linear dynamic procedure.
To account for the effects of SSI, a linear dynamic analysis is
permitted to be performed in accordance with Section 12.9, using
either the SSI modified design response spectrum and MCEy
response spectrum in accordance with Sections 11.4.6 and 11.4.7
or SSI modified site-specific response spectrum, per
Section 19.2.2.1 or an SSI modified site-specific response
spectrum in accordance with Section 19.2.2.2 for spectral
response acceleration, §,, versus structural period, T. The
resulting response spectral acceleration shall be divided by
RfI,, where [, is prescribed in Section 11.5.1. The
mathematical model used for the linear dynamic analysis shall
include flexibility of the foundation and underlying soil in
accordance with Section 19.1.1.

19.2.3 Nonlinear Response History Procedure It is permitted
to account for the effects of SSI using a nonlinear response
history analysis performed in accordance with Chapter 16 using
acceleration histories scaled to a site-specific response spectrum
modified for kinematic interaction, in accordance with
Section 194 or other approved methods. The mathematical
model used for the analysis shall include foundation and soil
flexibility, per Section 19.1.1, and shall explicitly incorporate the
effects of foundation damping, per Section 19.3 or by other
approved methods. Kinematic interaction effects, per
Section 19.4, are permitted to be included in the
determination of the site-specific response spectrum.
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19.3 FOUNDATION DAMPING EFFECTS

19.3.1 Foundation Damping Requirements Foundation
damping effects are permitted to be considered through
direct incorporation of soil hysteretic damping and radiation
damping in the mathematical model of the structure. The use
of the procedures in this section are permitted in conjunction with
the equivalent lateral procedure modifications of Section 19.2.1
or the linear dynamic procedure modifications of Section 19.2.2,
unless any of the following conditions occur:

1. A foundation system consisting of discrete footings that are
not interconnected and that are spaced less than the larger
dimension of the supported lateral force-resisting element
in the direction under consideration.

2. A foundation system consisting of, or including, deep
foundations such as piles or piers.

3. A foundation system consisting of structural mats inter-
connected by concrete slabs that are characternized as
flexible in accordance with Section 12.3.1.3 or that are
not continuously connected to grade beams or other foun-
dation elements.

4 SRS =
w 719 AgH Lo V)=

19.3.2 Effective Damping Ratio The effects of foundation
damping shall be represented by the effective damping ratio
of the soil-structure system, [y, determined in accordance with
Equation (19.3-1):

p
T,

where

Py = Effective viscous damping ratio relating to founda-
tion—soil interaction;
p = Effective viscous damping ratio of the structure, taken
as 5%, unless otherwise justified by ana]ym and
{T/ T').q = Effective period lengthening ratio defined in Equa-
tion (19.3-2).

The effective period lengthening ratio shall be determined in
accordance with Equation (19.3-2):

B
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19.4 BASE SLAB AVERAGING AND EMBEDMENT
(KINEMATIC) SSI EFFECTS

Kinematic SSI effects are permitted to be represented by re-
sponse spectral modification factors RRS,,, for base slab aver-
aging and RRS, for embedment, which are multiplied by the
spectral acceleration ordinates of the response spectrum at each
period. The modification factors are calculated in accordance
with Sections 19.4.1 and 19.4.2. Modifications of the response
spectrum for kinematic SSI effects are permitted only for use
with the nonlinear response history analysis provisions of
Chapter 16, using the site-specific response spectrum developed

in accordance with Chapter 21 and subject to the limitations in
Sections 19.2.3, 19.4.1, and 19.4.2.
The product of RRS,., X RRS, shall not be less than 0.7.

19.4.1 Base Slab Averaging Consideration of the effects of
base slab averaging through the development of site-specific
transfer functions that represent the kinematic SSI effects
expected at the site for a given foundation configuration is
permitted.

19.4.2 Embedment The response spectrum shall be developed
based on a site-specific study at the depth of the base of the
structure. Alternatively, modifications for embedment are
permitted using the procedures of this section.

The modification factor for embedment, RRS.,, shall be deter-
mined using Equation (19.4-5) for each period required for
analysis.

2
RRS, =025 + 0.75 x cos( e

Vie

) (19.4-5)
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Centrifuge Test

Purpose

The stresses and strains of the prototype soil need to be generated in a small-scale model.

Prototype

Equal Stress

-
@

% X
b g > O-YsoL W

=pPsoNg I
=pgH

S=YsoIL —ﬁ =pPsond %




Centrifuge Test

Equipment : Geo—Centrifuge with 2D-Shaker at KAIST

Platform Radius : 5.0m
Maximum Weight Capacity : 240g—tons
Maximum Centrifugal Acceleration : 130g

124 rpm / Centrifugal Acceleration : 80g




OFO S o] - REO ==
2. E T 7157}A1L %—‘—-EJ 7%0
ECHERSE:
Parameter Prototype Small — scale model Scale parameter Scale
Gravity load M(g) m (Ng) gravitational acceleration N
EQ force M(a) m (Na) ground acceleration N
Period T, T,=T,/N EQ time step 1/ N
Soill T, =4H / Vg < Scaling Laws (Schofield 1980) >
p 1 Scaling law
1 g arametet model / prototype
Length 1/N
B Mass 1/v?
Stress 1
* Ng Strain 1
Force 1/
o M B/-Nf Bending moment /N3
H/N I M /N3 Time (dvnamic) 1/N
v Frequency N
< > L/N Displacement 1/N
L Velocity 1
< prototype @ 1g > < small model @ Ng > Acceleration N




Test Specimen

SDOF-Structure

—Win

Shallow Foundation -
(70 x 70 x 30mm)

(1.4x1.4x0.6m in 20gc

2.8x2.8x1.2m in 40gc)

| 600 mm
(12m in 20gc

| 24m in 40gc)

Equivalent Shear Beam Box




(b) Soil deposit

(c) Shallow foundation (d) SDOF structure




SDOF Structures

The SDOF structure was composed of a lumped mass on the top and two thin plates
representing the lateral stiffness of the structure. By using the two separated plates, the
structure model was designed to show the shear—deformation mode.
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T: 1.32s @40gc
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SDOF -7

T: 1.00s @20gc
T: 2.00s @40gc




Input Earthquakes

Northridge(1994) and Morgan Hill(1984) earthquake accelerations were used as input
earthquakes at the bottom of the ESB box. The peak accelerations of the input
acceleration were gradually increased from 0.05g to 0.3g.

Northridge(1994) / Dominant Frequency : 2.4 Hz Morgan Hill(1984) / Dominant Frequency : 4.8 Hz

Acceleration (g)

0.2 T : 0.2
0.1 . 0.1 ‘\
2
c
0 WMWMJ‘)\ ﬁﬂﬁ/m | ﬂxﬁ W hwﬂl ﬂmrﬂ AU%“nUﬂuﬂﬂ”UMUﬁVMV FAPAA ) % 0
! J W W\[M ' 2
-0.1 < -0.1— ‘
-0.2 r r -0.2
0 10 20 30 0 10 20 30

Time (s) Time (s)




Earthquake Responses of Structures

Measurements of motions

Horizontal Acceleration at the top of Structure U,
Horizontal Acceleration of Foundation U

Two vertical Acceleration of Foundation le , U were measured.

v2

O-» Horizontal Accelerometer

3 Vertical Accelerometer

A




Earthquake Responses of Structures

Relationship of displacements

The measured acceleration of structure showed the total behavior including the displacements
of the foundation as well as the structure and rocking effect of the structure.

U, : total displacement of the structure
U; : horizontal displacement of the foundation
U, / U,, : two vertical displacements of the foundation

U, : rocking angle of the foundation

U, = (uvl_uvz)/l—f

Relative displacement including the rocking effect
Ugel, = Uy — Uy

Net displacement excluding the rocking effect
Unet = Urs _ueh




Earthquake Responses of Structures

Displacement time history

Rocking u Net

URel. Vs URoc/ez'ng /

uReI.

——

SDOF-1 /T, :0.09s in 20gc
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Earthquake Responses of Structures

Displacement time history

Displacement time history responses of the structures showed that translation and rocking of
the structure were unite periodically.

Displacement (cm)

Displacement (cm)

SDOF-2 /T, :0.18s in 20gc
1.6
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u
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u Rocking H
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U U U

u Fixed

u

Net n

3 ‘lw F”‘]"W Lo
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5 10 15
Time (s)
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0
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Earthquake Responses of Structures

Displacement time history

Even though the responses of the structures with the fixed base model were amplified by the site
effect, the rocking effects significantly increased and reduced the seismic loads of super-structure.

SDOF—4 / T, : 0.36s in 20gc
8 T U 8 U U U
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Earthquake Responses of Structures

Displacement time history

For the long-period structures, the rocking effects were slight, because the seismic loads of
the structures were small and unamplified by the site effects.

Displacement (cm)

-2

Displacement (cm)

SDOF-6 / T, : 0.66s in 20gc
2 T U
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1r u Rocking 1
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0 é 10 15 20
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SDOF-7 /T, : 1.00s in 20gc
2 C T
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2
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Ir ” \ p ﬂ T Unet
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1k “\ ‘
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Earthquake Responses of Structures

Pseudo-acceleration

The pseudo-acceleration of the structures can be estimated from the net lateral displacement U,,,.




Earthquake Responses of Structures

Pseudo-acceleration

The pseudo-acceleration of the structures can be estimated from the net lateral displacement U,,,.

20gc / Depth to bedrock : 12m / Site period : 0.25s
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& 0 O 1 L &* % xl m .x & 0 0 1 L 1 L 1 L
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Ultimate Moment Capacity

Overturning moment

Overturning moment acting on the bottom of foundation was calculated as follows.

S

" Mg=H,-h+V,-u +H; -%Jrvf -%-sinugﬂ-(jg
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Ultimate Moment Capacity

Variation of bearing stress distribution according to the eccentricity of reaction

(FEMA 274)

Vv

/I\M ult

V. M=k V. M
AN TN
tt ot r 1t \f\T\T \T\T\

qc qC

(a) Initial state (b) Elastic prior to uplift ~ (c) Elastic at uplift (d) Yield after uplift (e) Inelastic limit

V-L
I\/Iult: Zf( _qi]
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Ultimate Moment Capacity
3 749) 7122 THAlE w7t BA
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Ultimate Moment Capacity

Maximum spectral acceleration

Maximum spectral acceleration inducing the ultimate moment capacity of the soil-
foundation system can be estimated.
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— —
o [

Pseudo-acceleration (g) — S, 7.
5

0.0

Ultimate Moment Capacity

Maximum spectral acceleration

The seismic loads of the structures were limited by the ultimate moment capacity of the
soil-foundation system and were only 6.5~40% of those from the fixed base model.

20gc / Depth to bedrock : 12m / Site period : 0.25s

7 0.9 T
(a-1) O T,=0.09s, — S, 0= 0.90g 2 (a-2) O T,=0.265, — S, =0.51g
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- B0 06 | 1:1 lin
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- A 2 03
3 07
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BR -~ 8 E
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A 2
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: ‘ 0.0
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0.4

0.2

0.0

0.0

Zz
| (3-3) O Tn =0.66s s Sama.r 0. 25g
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Pseudo-acceleration (g) — S, 7.y

p—
Loy
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0.0

Ultimate Moment Capacity

Maximum spectral acceleration

The seismic loads of the structures were limited by the ultimate moment capacity of the
soil-foundation system and were only 6.5~40% of those from the fixed base model.

40gc / Depth to bedrock : 24m / Site period : 0.41s

7 0.9 7
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Ultimate Moment Capacity
Allmond, J. and Kutter, B. (2014). "Design considerations for rocking foundations on
unattached piles." J. Geotech. Geoenviron. Eng., 10.1061/(ASCE)GT.1943-5606.0001162,

04014058.
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2 lead———>_ ~ load——=
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[ [
L |
! |
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(@)

Fig. 1.Rocking foundation schematic for (a) hinging column; (b) nonpiled rocking foundation; (¢) rocking foundation on piles; (d) rocking foundation

on micropiles
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Seismic —_ _
" Load >t -

Df

© (d)




2. ¥ 7127t Sl A2 s

Rio-Antrio Bridge
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System Identification

Estimation of stiffness and damping ratio

known : stiffness and damping ratio of structure
unknown : translational stiffness & damping ratio of foundation
: rotational stiffness & damping ratio of foundation

Uncoupled spring model

m m m,h U | (Cc O 0 Uy K. 0 0 U m

S S S S

m, m +m, m,h Us [+] 0 ¢ O Jjus [+] 0 k. O jus [=—|mg+m |U
2 . .

m mh 1 +mh® LG, 0 0 ¢ )lu, 0 0 ky)lu, m.h

S S

S
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System Identification

Goal of system 1dentification

As the overturning moment increased, uplift and nonlinear behaviors occurred between the
foundation and the sub-soil. Using system identification, the nonlinear properties can be
estimated.

32 T T T
u Fixed
/E\ 16 [~ u Net H
L
= Ahs ALl
2 o seany 72
2 A T < Fixed base >
Z .16 | . ' T 1
(c) Elastic at uplift
Uncoupled spring model 3.9 i r r(e) Inelastic 11m1t
. "0 5 10 15 20
< Flexible base > Time (s

V, M vV, M=tk vV, M Vv
|V TN Y N RN
| || |
tt r t —1 t 1 \f\T\I \f\u
g q 0

(a) Initial state (b) Elastic prior to uplift  (c) Elastic at uplift (d) Yield after uplift (e) Inelastic limit
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System Identification

Gazetas’ Formulas and Charts

Gazetas proposed a set of formulas and charts for stiffness and damping ratio of soil-
foundation system. It is basis of those in FEMA 356 and FEMA 440.

Table 7-1. Dynamic Stiffnesses and dashpot coefficient formulas (Gazetas 1991)

Dynamic stiffness

Vibration _— coefhic Radiation dashpot
N Static stiffness, coefficient, & am
mode (0=g <2 coefficient, o
K =[2EL11- ) Fisplettedm Fig. 7-1 | & =(@ A)-&
Vertical (z) . . o
A0TE3+1548" ¢ 1z plotted m Fig. 7-1
=[2GL A2 -] Fispletedin Fig. 7-1 | C =(aA)-&
Heorizontal () . -
w(2+2503" ) & iz plotted m Fig. 7-1
K=K kel C=a"4
Horizontal (x)
—[0.200775 — W) GL[L (BT L]
Rocking (79) | K =[@1-w] I (LB FLo=1-020a C o=@l I8
(x-axis) #[24+0.5E1L)] % is plottad i Fig. 7-1
E =[36i-w]L (15 v DA Co=(a I8
. Fo=1-0.26
Rocking (7y) @ & is plottsd in Fig. 7-
EL'-':‘DU.S} vow 050 1
B =1-026a (LfH)
i K =351 (BILY (T IEY" | k =1-014q C=(aT )&
Torsion (1) L o
& 1z plotted m Fig. 7-1
where ¥ =shear wave velocity, & =shezr modulus,

x=4A14L .

q =@l

v=Poisson’sratio. ¥ =34i[a{1-v]]¥ .
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‘ System Identification

Kim, DK. Park, HG. Kim, DS. Lee, H (2020). “Nonlinear system identification on shallow
foundation using Extended Kalman Filter." J. Soil Dynamics and Earthquake Engineering.,
10.1016/;.s01ldyn.2019, 105857.

Soil Dynamics and Earthquake Engineering 128 (2020) 105857

Contents lists available at ScienceDirect

Soil Dynamics and Earthquake Engineering

journal homepage: www.elsevier.com/locate/soildyn

Nonlinear system identification on shallow foundation using Extended )

. Chack &
Kalman Filter iy
Dong-Kwan Kim®, Park Hong-Gun"™"*, Dong-Soo Kim®, Hyerin Lee®
* Dept. of Architecrural Engineering, Cheongju University, 298 Daesung-ro, Cheongju, 28503, South Korea
" Dept. of Architecture and Architectural Engineering, Seoul National University, 1 Gwanak-ro, Seoul, 08826, South Korea
“Dept. of Civil and Environmental Engineering, Korea Advanced Institute of Science and Technology, 291 Daechak-ro, Dagjeon, 34141, South Korea
4 School of Civil and Environmental Engineering, 77 Jeongneung-ro, Seongbuk-gu, Seoul, 02707, South Korea
ARTICLE INFO ABSTRACT
Keywords: This study employs system identification using the Extended Kalman Filter to investigate variations in the
Soil-structure interaction stiffness and damping of shallow foundations during earthquakes. System identification results showed that the
System identification elastic stiffness of different foundations was significantly smaller than specifications proposed by FEMA 356 for

Shallow foundation
Rocking foundation
Extended kalman filter
Bearing stress

the Sg site class. As the earthquake load increased, a partial uplift of the foundation occurred. Following this
uplift, the time domain inelastic stiffness decreased due to variations in contact area between the foundation and
sub-soil. The inelastic stiffness at the maximum response was less than the elastic stiffness, according to the
effective peak ground acceleration (EPGA) and the contact area ratio. After uplift in the foundation, the EPGA
increased, the contact area ratio decreased, and the damping ratio increased by up to 20%. On the basis of these
system identification results, we determined relationships between elastic stiffness and the ratio of bearing stress
demand to the soil-foundation system capacity.
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System Identification

Extended Kalman Filter

Based on the measured values and the system function, the Extended Kalman Filter
estimates states of targets and the unknown properties.

(a) Initial state

X = M, with error covariance P,

(b) Model Forecast Step / Predictor
ka = f(xka—l)
F’kf =J; (Xl?—l)' R ’JI (X:—1)+Qk—1

(c) Kalman gain

Ko =R (x)(3,(x1)- R -37 () +R, )

Measured Estimated
value (d) Data Assimilation Step value
Zk —> X?

Xka = ka +K, (2 _h(xkf )

(e) Corrector

R :(I K J, (% ))Pkf

|
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System Identification

State Space Expressions of the SSI model

To use Extended Kalman Filter, the system function should be forwarding process.

{Zky}=

Net

« « «

(Z(k+1)}= G{Z(k | k)} + @ (k+1 k){Z(k)—Z(k | k)}+{1‘(k)}w(k)

G{Z(k)} is a system function and Tayler expansion is used for linearization

@ (k +1|k):[86({3;(k)}} (j=1...,18)
J Z(k)=z(klk)

[18 x 18]

®(k+1]k) is a transition matrix and a Jacobian matrix d8{Z (k)}

| [18x1]
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System Identification

Time history responses

Compared with Gazetas’ formulas and charts, system identification well estimated overall
nonlinear behaviors of the foundations.

< Translation >

0.6 y : : 0.6 y : :
k, = 23,276kN /m — k, =119,756kN /m —
= 03l & =115.3kN -s/m (& =0.26) U = 03l & =434.2kN -s/m (£=0.43)
E E
k= k=
) 2
0 G - O « max:-0.34 mm ar
(a-1) Foun(jation - systemridentification r r (a-2) Foundatrion — Gazetas
063 5 10 15 20 063 5 10 15 20
Time (s) Time (s)
< Rotation >
24 T T T 24 T T T
x10™  (b-1) Rocking — system identification [ u 0 x107°  (b-2) Rocking — Gazetas —— U,
T e T | §1ax:0.0015 rad - O emax 0.0014 rad Ugor
2 2 A A ‘ ’
: o A \J\ m’l ‘Hm
S S
g 4 g 1ok
e k, = 26,385kN -m e k, =81,562kN -m
¢, =572.3kKN ‘m-s (£ =0.20) ¢, =508.7kN ‘m"s (£ =0.10) J
24 5 10 15 20 24 5 10 15 20

Time () Time ()
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System Identification

Time history responses

Net displacement from the SI was similar to the test result.
Net displacement from Gazetas’ was similar to those from the fixed base model

32 T T U
max :2.63cm — O u

1.6

I
zZ
@

O «'max:0.85cm I VR

Displacement (cm)

(c-1) Strqcture - systemridentification
0 5 10 15 20
Time (s)

32 3 3 L

max :2.63cm — O u
o < max:2.19 cm

-3.2

Fixed

— U

1.6 Net H

T

u

( ’ l | I il ﬁ N.GZ
\ " \" ' | f flT il lflt 1\4 AMMLoce

o bll

Displacement (cm)
o

-1.6

T

(c-2) Structrure — Gazetas

-3.2
0 5 10 15 20

Time (s)
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System Identification

Estimated properties

Dynamic properties estimated from the SI presented nonlinear characteristics between the
foundation and the sub-soil.

< Stiffness >

72 T 3 L 60 T T 3
x10* x10*
54 <— at uplift | =
E £
< Effective stiffness <
% 36 at maximum translation 2
£ v S A o
= = Effective stiffness
1.8 il @ 15k at maximum rotation i
00 r r(a) Translationzgl Stiffness, k, r r (b) Rotationgl Stiffness, k,
"0 5 10 15 20 0.0 5 10 15 20
Time (5) Time (s)
_ _ 0.6 : L :
< Damping ratio > Translation
Effective damping ratios Rocking
% 0.4  at maximum displacements
>
£
o
£
8 0.2
(© Dramping ratios

.
0 5 10 15 20
Time (s)
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System Identification

Period lengthening

Period lengthening resulting from the stiffness of SI agreed with those from Wavelet
analysis, which could show variations of the periods of the structure in time domain.

2
T=T. 1+:S+ksh

Uncoupled spring model

0.8 U U C 0.8 C U
S Wavelet coefficient "
—— Natural period

L
=7 Wavelet coefficient
—— Natural period

_\Z’: 0.6 — Period From SI 1 % 0.6 Period From SI 1
k] Period From Gazetas 9 i bt — Period From Gazetas ||
E E ﬂ '; f g i fF LITOLCAIE
g O 4 - 3 O 4 = ;1‘ Lo k ﬁ “E lmms A =
= = 3
g t g |
> >
B02r L o6 Tey : 0.295 0 0.21- T :0.36s Toz:041s

o r @T, =r0.263 in 20gc 0 r r (b) T, =r0.36s in 20gc

0 5 10 15 20 0 5 10 15 20

Time (s) Time (s)
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System Identification

Estimated properties
As the q/qc increased, the increased contact area between the foundation and the sub-soil

after the uplift affected the stiffnesses of the foundation.

< Translational Stiffness > < Rotational Stiffness >

2.4 : : 15 L -
x 10° (a-1) Translational stiffness x 10° (b-1) Rotational stiffness
8 8.6:1 361 311 & 4z1/ 251 161
~ 0 ~ X 4 OQ O
IR 5 Ogo D & 1 O o |
| ; : | Xp 2 @jﬂm 1:1 line
— XEX 0@ P A —_ / B 0o
g @:‘D D E ’ 0 ///,/’
< ,, X SDOF-3 (9/q.=0.016) S X SDOF-3 (g/q.=0.016)
=3 y 1 Lline | O SDOF-4 (q/q,=0.021) < | O SDOF-4 (q/q,=0.021)
e 00 SDOF-5 (g/q.=0.026) P O SDOF-5 (q/q,=0.026)
0 0 (=" r
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

k, (kN/m) — system identification *10°

k, (kN m) — system identification *10°
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System Identification

Pseudo-acceleration

From the combinations of the stiffnessess and dampings, which were estimated by the
system identifications, the net displacements and the seismic loads of the structures were
very similar to those of the tests with reasonable accuracies.

1.2 . 0.9 : X
~ X Sa Fix (1'5 : 1) ~ X Sa,Fix (28 : 1) X &
= O Suq (1.06: 1) . = O Suq (1.1:1) -
'g 0.8 D Sa,GZ (13 . 1) -g 0.6 D Sa,GZ (21 . 1) %
3 3 w 0
o 11 line © — -
o : - o = -
(a) SDOF-3:T,=0.26s in 20gc ol ~~_—5  (b) SDOF-4:T,=0.36s in 20gc
8.2 0.4 0.6 0 0.1 0.2 0.3

Test result — S, g5, (9) Test result — S, g5, (9)
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Test Specimen

SDOF
Structure
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300

SDOF -3
T =0.316 s,weight = 155 N
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Impact Hammer Test (m/s 2)

Impact Hammer Test (m/s 2)

100

50

o

50~

-100
0

200

100 -

o

-100

-200
0

Impact Hammer Test

The natural frequencies of the structure test models were
measured by performing impact hammer testing on the fixed-
base structure test models and by fast Fourier transform

(FFT) analysis for the test results.

(A) SDOF 1

0.2 0.4 0.6 0.8 1

Time (s)

(C) SDOF 3

0.2 0.4 0.6 0.8 1

Time (s)

Fourier Ampltude

Fourier Ampltude
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Frequency (Hz)
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Frequency (Hz)
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20 1 84
=
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0 e TR
g 2r
-10 - 'g
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20} el
= 10r
S
0 < <80.00 Hz
g 5
20} 2
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Half Power Bandwidth

The damping ratio of the structural model was estimated using the half-power
bandwidth method

Response Ratio

].U F | ] [l ] i
A .
Response Amplitude.
gl i
6 half-power bandwidth
. J
Lf; é/ _ ﬂ b ﬂ a
4r ! g | 2 . fn
: e e

| ]
L

0 5 10 15 20
Frequency (Hz)

Ba Bo




Fundamental Period & Damping Ratio

Period (s) Average
Test Model ~ Weight 19 40g fnHz)  Ba(Hz)  Bp(Hz) Damping  Period Damping
(in 40g) (%)

0.009 0.345 116.0 114.6 116.8 0.0093

SDOF 1 122N 0.009 0.345 116.0 114.8 116.9 0.0090 0.345s 0.91%
0.009 0.345 116.0 114.9 117.0 0.0091
0.014 0.541 74.0 72.5 4.7 0.0145

SDOF 2 28.0N 0.014 0.541 74.0 72.7 4.7 0.0137 0.541s 1.39%
0.014 0.541 74.0 72.7 74.7 0.0136
0.008 0.331 121.0 120.0 121.6 0.0066

SDOF 3 155N 0.008 0.328 122.0 1211 122.5 0.0058 0.331s 0.83 %
0.008 0.333 120.0 118.4 121.4 0.0124
0.0125 0.500 80.0 79.5 80.7 0.0077

SDOF 4 270N 0.0125 0.500 80.0 79.5 80.7 0.0076 0.500s 0.75%
0.0125 0.500 80.0 79.4 80.6 0.0071
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The acceleration response spectra were derived, and the scale factor was calculated
based on a rock size equivalent to the S1 rock of KDS 41 17 00. The four seismic waves

with the smallest mean squared error (MSE) values were used as input
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Time history responses (at high EPGA)
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Vertical Reaction

Self-Weight Self-Weight
L 27 “pe /! > =
Frixea = Ms X Upixeq Frost = Mg X iy
A A T e 7 ,
(a) Fixed Base Model Reaction (b) Test Model Reaction
Static State Reaction of Structure (at 40g)
SDOF 1 SDOF 2 SDOF 3 SDOF 4
Vertical Reaction, Rg 390.4 kN 896.0 kN 330.7 kN 576.0 kN
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Comparison of the reaction of fixed base model and test model
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Limit state where the reaction force i1s zero
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Maximum limited response acceleration of superstructure

Centrifuge Model Test (g)

Fixed Base Model (g)

Fixed Base Model (g)

Fixed Base Model (g)

Rs (kN) ms (ton) l/h VIV Sa,max
SDOF 1 390.4 52.93 1.5 0.170 0937 g
SDOF 2 896.0 151.17 1.5 0.384 0.551g
SDOF 3 330.7 50.37 2.0 0.128 1.040 g
SDOF 4 576.0 132.29 2.0 0.247 0.659 g
2 < < T 2 g < T 2 3 T a a 2 < < T
5505 550¢ CESE CESE
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0.4 ®©o% O 04 ﬁ@gf}& w00 O O 0'4‘02’6)0 O
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Vertical Reaction Time History and Limited Vertical Reaction
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BUILDING

CHAPTER 19
SOIL-STRUCTURE INTERACTION FOR SEISMIC DESIGN

19.1 GENERAL

19.1.1 Scope. Determination of the design earthquake forces
and the corresponding displacements of the structure is permitted
to consider the effects of soil-structure interaction (SS1) in
accordance with this section. SSI may be used in conjunction
with the equivalent lateral force procedure of Section 1921,
linear dynamic analysis procedures of Section 1922, or the
nonlinear response history procedure of Section 19.2.3 when the
structure is located on Site Class C, D, E, or F. When soil-
structure interaction effects are considered. the analytical model
of the structure shall directly incorporate horizontal, vertical, and
rotational foundation and soil flexibility. For the purpose of this
section, both upper and lower bound estimates for the foundation
and soil stiffnesses per Section 12.13.3 shall be considered. The
case that results in the lesser reduction or greater amplification in
response parameters shall be used for design.

If the provisions of this chapter are used, then Section 12.8.1.3
shall not apply.

19.1.2 Definitions. The following definitions apply to the
provisions of Chapter 19 and are in addition to the definitions
presented in Chapter 11:

BASE SLAB AVERAGING: Kinematic SSI of a shallow
(nonembedded) foundation caused by wave incongruence over
the base area.

FOUNDATION INPUT MOTION: Motion that effectively
excites the structure and its foundation.

FREE-FIELD MOTION: Motion at ground surface in ab-
sence of structure and its foundation.

INERTIAL SSI: The dynamic interaction between the struc-

Sections 11.4.6 and 11.4.7 or a site-specific response
spectrum  for damping ratios other than 0.05
[Eq. (19.2-4)]
b, = effective foundation size [Eqs. (19.4-4) and (19.4-4s1)]
C, =the seismic response coefficient determined in aceor-
dance with Section 12.8.1.1 assuming a flexible
structural base at the foundation-soil interface in
accordance with Section 19.1
D, =the depth of a soft layer overlaying a stff layer
[Eq. (19.3-4)]
e = foundation embedment depth
(r=effective shear modulus derived or approximated
based on €7y and Table 19.3-2
iy =the average shear modulus for the soils beneath the
foundation at small strain levels
h* = effective structure height
K, . K, =rotational foundation stiffness [Eqs. (19.3-9) and
(19.3-19)]
K, K. =wanslational foundational stiffness [Eqs. (19.3-8) and
: (19.3-18))
L = half the larger dimension of the base of the structure
M* = effective modal mass for the fundamental mode of
vibration in the direction under consideration
RRS;,, = site-specific response spectral modification factor for
base-slab averaging [Eq. (19.4-1)]
RRS_ = site-specific response spectral modification factor for
foundation embedment [Eq. (19.4-5)]
;= radius of the circular foundation

§, = response spectral acceleration including the effects of
SSI [Eqgs. (19.2-5) through (19.2-8)]
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19.3.2 Effective Damping Ratio. The effects of foundation
damping shall be represented by the effective damping ratio of
the soil-structure system, [, determined in accordance with

Eq. (19.3-1):

Bo=ps + =P — <020

(19.3-1)
(T/T)e

where

Py =effective viscous damping ratio relating to founda-
ton—soil interaction;
P = effective viscous damping ratio of the structure, taken
as 5% unless otherwise justified by analysis; and
(T/T). s =effective period lengthening ratio defined in
Eq. (19.3-2).

The effective period lengthening ratio shall be determined in
accordance with Eq. (19.3-2):

@={1 +$ [(;)-1] }

(19.3-2)

19.4 KINEMATIC SSI EFFECTS

Kinematic SSI effects are permitted to be represented by re-
sponse spectral modification factors RRS,,, for base slab aver-
aging and RRS, for embedment, which are multiplied by the
spectral acceleration ordinates of the response spectrum at each
period. The modification factors are calculated in accordance
with Sections 19.4.1 and 19.4.2. Modifications of the response
spectrum for kinematic SSI effects are permitted only for use
with the nonlinear response history analysis provisions of Chap-
ter 16 using the site-specific response spectrum developed in
accordance with Chapter 21 and subject to the limitations in
Sections 19.2.3, 19.4.1, and 19.4.2.
The product of RRS),, X RRS, shall not be less than 0.7.

19.4.1 Base Slab Averaging. Consideration of the effects of
base slab averaging through the development of site-specific trans-
fer functions that represent the kinematic SSI effects expected at the
site for a given foundation configuration is permitted.

19.4.2 Embedment. The response spectrum shall be developed
based on a site-specific study at the depth of the base of the
structure. Alternatively, modifications for embedment are
permitted using the procedures of this section.

172 9jstol SSI Aate 1

44212 Method 1

For shallow bearing footings that are rigid with respect
to the supporting soil, an uncoupled spring model, as
shown in Figure 4-3(b), shall represent the foundation
stiffness.

The equivalent spring constants shall be calculated as
specified in Figure 4-4.

Upper bound

Lower bound

Load

Deformation
(a)

A5y
"
-0 L

Foundation load Uncoupled spring model

(b) I
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