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Abstract

This paper investigates the effects of soil-structure interaction (SSI), higher modes,
and damping on the response of a mid-story-isolated structure founded on multiple
soil layers overlying bedrock. Closed-form solutions for the entire system which con-
sists of a shear beam type superstructure, seismic isolator, and multiple soil layers
overlying bedrock were obtained, while subjected to ground motion. The proposed
formulations simplify the problem in terms of well-known frequency and mechanical
impedance ratios that can consider the effects of SSI, higher modes, and damping in
the entire system, and be capable of explicitly interpreting the major dynamic behav-
ior of a mid-story-isolated structure interacting with the multiple soil layers overlying
bedrock. The SSI effects on the dynamic response of a mid-story-isolated structure
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because of multiple soil layers overlying bedrock were extensively investigated

through a series of parametric studies and physically explained by derived formula-

tions. In addition, the results of numerical exercises show that higher damping pro-

vided by the isolator may provoke higher mode response of the superstructure; that

the lower structure below the isolator may have significantly larger deformations

compared to those of the upper structure above the isolator; and that isolator dis-

placements may be amplified by the SSI effects while compared to those of

mid-story-isolated structures with fixed-base.

Keywords: mid-story isolation; seismic isolation; soil-structure interaction;

closed-form solution; higher-mode effects; soil stratum; passive control; damping

effects

Introduction

To the best of authors’ knowledge,
the concept of base isolation was first
proposed by Touaillon in 1870, as
shown in Figure 1. The concept of
mid-story isolation that placed the isola-
tion system on the mid-story rather than
the base of a building was first proposed
by Kohl in 1915, as shown in Figure 2.
These techniques have been robust and
implemented worldwide for protecting
structures from earthquake damage.
Kelly and Konstantinidis (2011) re-
viewed the history of multilayered,
laminated rubber bearings. Tsai (2012a,
2012b, 2015) detailed the history of the
development and recent advancements
of the rolling and sliding types of seis-
mic isolation systems. In recent years,
for increasing the degree of freedom of

the architectural design and construction

feasibility, the concept of mid-story iso-
lation proposed by Kohl in 1915 has at-
tracted more attention from Murakami et
al. (2000), Sueoka et al. (2004), Torun-
balci and Ozpalanlar (2008), and Wang
et al. (2012, 2013), especially in highly

populated areas.

Soil provides flexibility, material
damping, and radiation damping to the
conventional and base-isolated struc-
tures founded on soft soil, which modi-
fies the characteristic and seismic re-
sponses of the entire system. In the past,
there have been many papers published
to extensively examine these factors on
the responses of conventional structures
(Chopra and Gutierrez, 1974; Veletsos
and Meek, 1974; Stamos and Beskos,
1995; Manolis et al., 1995; Song and
Wolf, 1996; Manolis et al., 1997; Hat-

zigeorgiou and Beskos, 2010). Su and
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Ahmadi (1989) investigated the per-
formance of different types of base iso-
lators for shear beam structures founded
on rigid foundations. Without consider-
ing the SSI effects, Todorovska and Tri-
funac (1989) studied the physical phe-
nomena associated with wave passage
under long buildings which were mod-
eled by two-dimensional continuum
shear beam structures. Several research
papers have been published to evaluate
the effects of SSI on the seismic re-
sponses of base-isolated buildings (Con-
stantinou and Kneifati, 1988; Novak and
Henderson, 1989; Tsai et al., 2004;
Spyrakos et al., 2009a, b; Li et al., 2011)
and bridges (Chaudhary et al., 2001;
Vlassis and Spyrakos, 2001; Spyrakos
and Vlassis, 2002; Tongaonkar and Jan-
gid, 2003; Sarrazin et al., 2005; Soneji
and Jangis, 2008; Stehmeyer and Rizos,
2008).

For the purpose of investigating the
effects of soil-structure interaction (SSI)
on a base-isolated structure under verti-
cally propagating S-wave ground motion,
Constantinou and Kneifati (1988) added
one additional degree of freedom (DOF)
for the base isolator to the conventional
one-story building system proposed by
Veletsos and Meek (1974), which re-
sulted in two DOFs for the base-isolated
superstructure, which was founded on a
half-space foundation. In their model,

they used two frequency-dependent

stiffness, one for the horizontal direction
and the other for the rotation resulted
from the stiffness in the vertical direc-
tion, to simulate the foundation overly-
ing a half-space. They concluded that
the consideration of SSI effects in the
analysis of a base-isolated structure is
warranted for wave parameter values of
less than 10 and values of less than 15
for the ratio of the natural frequency of a
fixed-base structure to that of a base-

isolated one.

In recent years, the SSI effects on
the seismic responses of base-isolated
structures have attracted considerable
attention, and several research articles
have been published on investigating the
SSI effects on the dynamic responses of
base-isolated building structures. Novak
and Henderson (1989) evaluated the
modal properties of base-isolated build-
ings to conclude that the contribution of
SSI effects should be considered when
the flexibilities of the base isolators and
soil are comparable. Tsai et al. (2004)
developed a rigorous nonlinear time
domain procedure for the analyses of
friction pendulum system (FPS)-isolated
structures to explore the SSI effects on
the seismic responses of these types of
structures. From their study, they con-
cluded that the soil flexibility and radia-
tion damping resulting from the
half-space should be considered in the

dynamic analyses of base-isolated
137

The International Journal of Organizational Innovation
Volume 11 Number 3, January 2019



2018-0904 1101
http://www.ijoi-online.org/

structures. Spyrakos and coworkers
evaluated the SSI effects on a seismi-
cally isolated structure founded on a
half-space (2009a) and soil stratum
(2009b) by utilizing an equivalent 2
DOFs fixed-base structure that had a
structural height equivalent to a single
DOF (SDOF) system for the superstruc-
ture and another DOF for the base iso-
lator. In their model, they assumed that
by neglecting the inertia force in the
half-space, massless soil was modeled
by frequency-independent stiffness and
damping. They concluded through ex-
tensive numerical analyses that the SSI
effects played a significant role on seis-
mically isolated structures subjected to
harmonic ground motion, and that SSI
effects are considerable for relatively
stiff, squat structures. Li et al. (2011)
adopted a similar concept to that devel-
oped by Spyrakos et al. (2009a, b) to
appraise the SSI effects on the natural
frequencies and damping of seismically
isolated buildings. They concluded that
SSI effects play an important role in

lengthening the fundamental period of

taller and more slender structures with
relatively stiff isolation systems. Tsai et
al. (2016) has published a study con-
cerning SSI effects on the responses of
base-isolated structures, which the seis-
mic isolation systems were implemented
on the base of a structure. In the research
works, however, opinions on the role of
SSTin the dynamic behavior of base-
isolated structures vary, and no decisive
conclusions about the SSI effects on
seismically isolated structures have been

reached in these publications.

There is still a great need to more
carefully examine the SSI effects on the
dynamic response of a base-isolated
structure. Furthermore, there has been
little report if any associated with the
SSI effects resulting from multiple soil
layers on the seismic response of a

mid-story-isolated structure.

(Editor's note: The following sec-
tions of this article are presented in sin-

gle column to facilitate easier reading.)

Mid-story-isolated structure founded on multiple soil layers overlying bedrock

This section aims to investigate the dynamic characteristics of a mid- story- iso-
lated structure founded on multiple soil layers overlying bedrock. As shown in Figure

3, the continuum shear beam superstructure with a height h and a mid-story isolation

system at a height h, is subjected to vertically propagating SH waves. Considering

the shear deformation in the x direction, the upper structure that is located above the
isolator is governed by the following equation (Kramer, 1996):
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)

while h, <z=<h
where u, Gg,, and f3;, are the displacement in the x direction, the shear modulus, and the

SH-wave velocity of the upper structure, respectively; and 7., is the parameter for defining
the equivalent viscosity in the upper structure.

The relationship of the shear stress, t,_(z,t), with the shear strain, y,_(z,t), in the up-
per structure according to the Kelvin—Voigt model is given by (Kramer, 1996):

dy,.(z.t)

Ixz{:zr t:] = G.S‘Esz{z’tj + ?F.S'E at

2)

while h; =z <h

The governing equation for the lower structure that is located below the isolator
is given by:
Fu ng Fu 1 du

dz2 ' G, 92zat [, at?

3)

while 0 =z < hy

where G, and 5, are the shear modulus and the SH-wave velocity of the lower structure,

respectively; and 7., is the parameter for defining the equivalent viscosity in the lower

structure. The relationship of the shear stress and shear strain in the lower structure can be
obtained as:

0¥es(2: )

Ixz{:z’ t:] = G.S‘ld}'rxz{z’tj + ”-5'1 at

“)

while 0 <z < h,

The stress-free boundary condition at the top of the upper structure, z = h, gives:

T,..(h,t) =10 5)
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The stress in the isolator, z = h,, is given by:

1, (hy,t) =k, [u(h],t) —u(h], )] — ¢, [0u(h].t) —i(hy,t)]
(6)
while h] €z < hI

where 1 is the vibration velocity of a particle in a medium; k, and ¢, denote the stiffness

and damping coefficient per unit area of the isolator, respectively; and z = h] and z = h]
denote the locations at the top and bottom of the isolator, respectively. The nonlinear behavior
of the isolation system is well known and possible to be modeled by an equivalent linear
model that consists of effective stiffness and equivalent damping ratio to simulate the hyster-
etic behavior of the isolation system (Kelly and Konstantinidis, 2011). As can be seen in
Equation (6), the damping of the isolator is helpful for reducing isolator deformation and for
transmitting shear force from the lower structure onto the upper structure.

The stress boundary condition at z = h, is given by:

where r,, is the ratio of the shear stress at the top of the isolator to that at the bottom of the
isolator.

h

The governing equation for the n** soil layer with a depth of d,, is:

du n, Pu 1 d*u

dz2 ' G, 3%zdt P2 dt?

®)

while —D, =z<=-D, _;

where G,, B,,and n, represent the shear modulus, SH-wave velocity, and the parameter

t

n’

defined as the equivalent viscosity in the n*" soil layer, respectively; and D, denoting the

depth of the »™ layer of the soil stratum from the ground surface is given by:

Dn:dl—i_di—l_"'—'_dn ©)

The relationship of the shear stress with the shear strain in the n®"

with the Kelvin—Voigt model is given by (Kramer, 1996):

soil layer in accordance
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Iy, (z.t)

Tyg (Z’ t) = Gy Yeg (Z’t) + 1, dt

(10)

while —D,, <z<-D,_,

The relationship, based on the balance of the shear force, between the shear stresses at the
bottom of the lower structure and at the top of the first soil layer can be obtained as:

Too(07,8) = 1,7, (07, 1) (D)
where r, is the ratio of the shear stress at the bottom of the lower structure to that at the top
of the first layer of soil strata.

The compatible displacements at the interface of the lower structure and the soil layer yields:

u(0%,t) = u(07,t) (12)

As shown in Figure 3, if the system is subjected to shear deformations in the x direction
under vertically propagated shear wave displacements of 1e~"“*, the boundary condition at

the bottom of the soil stratum, z = —D,, is:

u(—Dy, t) = Le @t (13)
where e is the external excitation frequency and N is the total number of soil layers.

For the steady-state dynamic response, the general solution to Equation (1) is given by:

u(z,t) = U(z)e et
(14)
while hy =z=h

Substituting Equation (14) into Equation (1) yields the general solution to the upper structure:

u (Z, t] = (ﬂgzg_ikgzz + szefkg-_.,z]e—iur
(15)
while h,=z=<h
where 4., and B, are unknown coefficients to be determined by boundary conditions; and

the complex wave number k., is given by:
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ki, =w |— = k& + ikL, (16)

where Gi, = Gg,(1+ 2i;,); ps, and &, are the mass density and damping ratio of the
upper structure, respectively; and

1

. Ps; @ 2 (17)
= [t ([ )

1

: F]
b o_ Pgz W _ (18)
et ()

The shear strain in the upper structure can be generally obtained, with the aid of Equation
(15), as:

and

du(z,t)

', —-ikr.z fkp,= =it
= ik (—As,e 75 + Bgyet5T)e

Yeslzt) =
0z (19)

while hy =z <h

With the aid of Equation (2), the shear stress in the upper structure can be generally obtained

as:

Tes(2,8) = (G52 — fewns; )ik, (—Agze TikSE 4 Bgzeikisz)e‘f“r

(20)
while h; <z <h
Satisfying the boundary condition of Equation (5) results in:
Agy = Bszeizkish (21)

The general solution to Equation (3) is given by:
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u(z,t) = (Ag e *8:% 4 B eiks:F)gmiur
(22)
while 0 < z < h,
where A;, and B, are unknown coefficients to be determined by boundary conditions; and

the complex wave number ki, is given by:

ki = w [ = kg, + kY, (23)
G.S'l
where GI, = G, (1+ 2i&;,); ps, and &, are the mass density and damping ratio of the
lower structure, respectively; and

1

o = |—Pa” : (24)
4= s (e

and

1

b _ ps; @ _AF (25)
= [t (e )

The shear strain in the lower structure can be generally obtained, with the aid of Equation
(22), as:

du(z,t)
0z

Veolz,t) = - ifcél(—A51e'ik§Lg _l_BSlEEil{ng)e—iur

(26)

while 0 £z < h,

With the aid of Equation (4), the shear stress in the lower structure can be generally obtained,
as

T (zt) = (Gg — im??.'_‘.‘l]ik.;'l(_‘q.ﬂ'le iS4 351Eik§Lz)E_mr
(27
while 0 <z < h,

Satisfying the boundary conditions of Equations (6) and (7) yields
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(o) =} @)

where

T, = E[ (Gs; — Iﬂfﬂ?szjksz* piZk5ah —ikSah, _ eik;ﬂhl-)
2 |1 (Gsy — femgy ) kg
G — L ki .
—I-('l—i{ 52 . Ms2) Sz)e!k.g!.hj. (29)
ky (1= iewcy [ky)

" (1 n I.{Gsz — I'I“""'?SZjkfi)eezk‘hhe—n{‘hh]enchh
ky(1—icwe, [k, )

and

1 G — 1 k* - - . P
_—[ (Gsp — taimsy )5y (—EIZkS:.hE_'kS:.hL +E!k5'.'.h1.)

Ts = :
2 Tm (651 - IWTFSi] kzy

(Gsz - iwﬂsz]kgz i1t
— i Heggh 30
+(1 Y (1—iwe, k) )¢ (30)

Gg, — iw ksoy . . .
. (Gs2 Ms2) Sz)ezzkgzhe—:kgnhL o—ikER,

M (1 T (1= twe, /Ry)

t

For a steady-state response, the general solution to Equation (8) for the n®™ soil layer is

given by

Tlnfzrtj — Unfzje_i”r — (Ane—ik:lz + Bneik:lz]e—imr
3D
while —D <z<-D,_,
where u,, is the displacement in the x direction of the n
wave number is expressed as

th 5ol layer, and the complex

k= w Pr

n *
Gn

= k3 + ik, (32)
h

where G; =G, (1 +2i&,); p, and &, are the mass density and damping ratio in the n*
soil layer, respectively; and

1

ke = [L(J? e 1)F (33)

2G,(1 +4&3)

and
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o | P’ B (34)
2 lZGu(H‘Pfi]( LR 1)1

Satisfying the boundary conditions at the interface of the lower structure and the soil
strata, which are Equations (11) and (12), one obtains the unknown coefficients 4, and B,
as

Ay _ [t fie {1‘151}_ {“151}
{31}_[%1 tzz} B = Tss Bs )

where Ty 1S a 2x2 matrix; and its elements are given as follows

1., (Gg —iwng ks, |
£y == 1+(51 IF.'S‘J_] 51
2 1,(Gy — twny )k |
eo=2|1_— (Gsy — icomsy )k, | (36)
| 1,(Gy — fwny )k |

thy =ty and t,, =ty

The boundary condition for the displacement at the interface of the n®™ and (n + 1) lay-
ers of soil strata, an identical stress at the depth of D, (z = —D,,), is given by

u(—D

nt

) = (4 _e™*nln + B g *knln g iwt
) = (A,e™% + B, e™" % )e (37)

= (,qm 1gfk;1+1.5n + B, —ikpy Dy )g —iwt
The boundary condition for the stress at the interface of the n** and (n + 1) layers of

soil strata, an identical stress at the depth of D,,, can be obtained as

7, (=D,.t) = (G, —iwn,)iki(—A4, e‘kﬂﬂ“ +B,e 'kﬂﬂﬂ)e (38)
= {Gu+1 - Im??n.+1]1kn+1[_‘qn+1Etkm-Lﬂn + Bn.-l-l'g?_I”I{;‘l-|-]'ﬂlﬂL )E_Emr

By solving Equations (37) and (38), one can obtain

145

The International Journal of Organizational Innovation
Volume 11 Number 3, January 2019



2018-0904 1101
http://www.ijoi-online.org/

1 (G, — iwn, )k} -
A== [(1 + G )e knPng

2 n+l fﬁ”?nﬂjk:ﬂi

Honea) (39)
" (']_ _ (G, —I Lo, )k, ) o —iknDy Bnl p—i*n 10
{Gn+1 - Iwnn+1jk:;+l
and
1 G — iw kX o
B, = —l(l — { 2 - T?n} n* )e'knﬂn}ln
2 (Gpyy — fMygy )Rsq (40)

+ ('l+ (G, —iwn, )ky )e_"k;LDHB leik;lﬂﬂﬂ
(Gpsy — f0ny 4 )KGs
Equations (39) and (40) can be written in matrix form as

I s
{B,,H_l - [5'21 522] B = 5. B, S

n

The element s, of the 2x2 matrix S, can be expressed as

G, —iwn, )k,
Sfl — (1 + ( n I nﬂ-] ?‘I-*:
2 (Gpyy — i, 09 JRpsy
The element s, of the matrix §,, is given by

) eik;"}n E_Ek:l+1.ﬂﬂ. (42)

51 ==
12 ,
2 {Gn+l - Iwﬂnﬂjk;ﬂ

The element s, of the matrix §,, is

1 G, o —i Kk _ -
_ (1_ ( n Iwﬂn] n )e—:kﬂﬂﬂ_e—:kﬂﬂ_ﬂﬂ (43)

1 G, — i k: - -
ST, = _(1 _ (G, .Iw??n} n )e:kﬂﬂne:knﬂﬂﬂ (44)
2 (Gns1 — 01 )knsy
The element s7, of the matrix §,, can be obtained as

1 G, — twn, )k,
551-2 = _(1 + ( : ] ¥
2 (Gryy — i0My gy )Kpsy
Satisfying the boundary condition of Equation (13) at bottom of the N®™® soil layer leads to

)E_ik:lﬂﬂeik:l+1.ﬂﬂ (45)

u(—Dy.t) = (Ay e®NDN 4 B, e ~HNDN Jeiwt = 1e7E (46)
Equation (46) can be rewritten in matrix form as
r it D
o {2} =1 (47)
By) (g—iknDy

One can obtain the following equation from Equation (41):
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Ai} (48)

Il
H':ﬂ
=
=

—r—
o3

A A.
{B:} = Sy-1Sy-2" 535 {Bj
where Sgyp = Sy_1Sy_2 5254

Substitution of Equations (35) and (28) into Equation (48) yields

A T..
{B:} = Sgym Tss {Tzi} B, (49)
Substituting Equation (49) into Equation (47) leads to

Bee(17] (T (S { it } =1 (50)

A
o Ekp Dy

The unknown coefficient Bg, can therefore be obtained as from Equation (50)

1
Be =~ (51)
where @ is a scalar and given by
_ Teq T - - E:‘kﬁ;ﬂﬁ 5o
@ - T_S'j_ (T.S'."j'] {:S.S'I.l",'l-f] E_ik-i:l'ﬂ-i"l' ( )
where
(SSUM]T = (51]1'(52]1'__, (S,I.r—z]T(S,l.r—j.]T (53)

The total displacement at the top of the upper structure, u(h,t), can be obtained as

2 . :
u(ht) = EE”‘““E_'“ (54)
The maximum total displacement at the top of the upper structure, w(h),, ... is given by
u(h) = ‘E eiksah (55)
I @
The total displacement at the top of the isolator, u(hj,t), can be obtained as
1 - - - P -
u{hi‘,t] _ (E) [E:(2 Kish—kEolt, ) te :khi'zL]E—:ur (56)

The maximum total displacement at the top of the isolator, u(h} can be expressed as

] maax’
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1 - - - - -
u_{h_Ijmﬂx = ‘(E) [EI(ZkSsh_kSsth -I— E!ksshj_] (57)
The total displacement at the bottom of the isolator, u(h7,t), is obtained as
- ! —ikgyh ikgyhy ], —icat 58
u(hy, t) = 0 [Toye 7S 4 T e¥siM e (58)
The maximum total displacement at the bottom of the isolator, w(h]), 4. 1S
- 1 —ikz,h ikz, R
w(hl) s = E [Tﬂe 52 4 T, et 5 L] (59)

The relative displacement between the top and the bottom of the isolator, Au(h,,t), which is
the deformation of the isolator, can be expressed as

1 - - - -y ¥ P .y
Au(h,, t) = (_) [Ef(zkhh—khh] + eikszhy T e7tRsa TszerksLhL]e-!w* (60)

¢

The maximum relative displacement between the top and the bottom of the isolator,

Au(hy) can be expressed as

max

1 - - - y W - - P
Au(hy) e = ‘(_) [EI(ZkSsh—kSshJ + efRSts — T @RS TSZE!kSLhL] 61)

¢

The relative displacement between the top and the bottom of the upper structure, Au(h, t),
can be obtained as

1 e . * * iy ¥ -
Au(h, t) = (E) [2e5an — pil2kgh—kh, ) _ g H5ahs | g —iwt (62)

The maximum relative displacement between the top and the bottom of the upper structure,

Au(h) can be obtained as

max’

Au(h) o = ‘(%) [23”‘55“ _ eilZkiah—kgahy) _ el'i'is'si'u] (63)

The relative displacement between the top and the bottom of the lower structure, Au(h,,t),
which is the deformation of the lower structure, can be obtained as

d'II.(-II.L, t] = (%) [Ce_ik.;].hj_ - 1)?51 + (Eik;LhL _ 1)T52]E—iur (64)

The maximum relative displacement between the top and the bottom of the lower structure,

Au(h;) can be obtained as

max
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1 q Ly ®
Au(hy) o = ‘(E) [(e Tikgahy l)Tﬂ + (e'khhl - l)T :] (65)
The total displacement at the ground surface, wu(0,%), is given by
1 :
u(0,t) = (E) (Tyy + T, Je it (66)

The maximum total displacement at the ground surface, u(0) is obtained as

max’

(67)

1(0) e = ‘(%) (Tsy +Ts)

The transmissibility of the total displacement at the top of the upper structure with respect to
the total displacement at the ground surface, TR, (&), which is independent of the soil
property, is obtained as

w(h) as 2 et g
= Smax _ ([T kg 68
T'Rzp(h) w(0) ase ‘(V) (E : ) (%)
where the variable V is given by
V=T +T5 (69)

The transmissibility of the relative displacement between the top and the bottom of the isola-
tor with respect to the total displacement at the ground surface, TR, (h,), can be obtained as

Au(hy) s
u ( ':':J masx

1 o . . .
— [et[_ki._._h—kj._..h]_] + etkg._..h]_ —T. E_IkELhL -7 ﬂe:kS‘LhL]
v 51 52

The transmissibility of the relative displacement between the top and the bottom of the upper

TRgp(ky) =
(70)

structure with respect to the total displacement at the ground surface, TRgy,(h), can be ob-
tained as

.d li- 1 . - * * .
TRy, {h] = M = ‘(_) [ze:khh — gilz Kegh—kioh,) _ E:kth] (71)

TL{ Dj max V

From equations derived above, it is assumed that the superstructure is a continuum shear
beam structure. Two approaches can be adopted to simulate a real structure by using an
equivalent shear beam structure. The first approach is to obtain the equivalent shear wave
velocity by assuming that the column of the superstructure deforms in bending only and that
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the continuum shear beam deforms in shear only [22, 23]. Another approach is to choose the
equivalent natural frequency of the shear beam structure equal to that of the real structure.
The latter approach is adopted to more conveniently and explicitly interpret the interactive
characteristics of the mid-story-isolated structure and its foundation. The fundamental natural

circular frequency for the traditional fixed-base structure, we,, is (Das, 1983)

_TBs (72)
We2 2h

The fundamental natural circular frequency for the soil stratum with a depth of D,

(fixed-free boundary condition), s _, is (Das, 1983)

n’

. = Hﬁi‘l
n ZD”

(73)

here, B, and D, are the shear-wave velocity and the depth of the n*™* layer of soil stratum,
respectively.

If the superstructure is rigid, the natural circular frequency for the base-isolated structure, w,,
is:

(74)

The following parameters, with the aid of Equations (72)-(74), are very useful for identifying
the characteristics of the entire system:

Lo _2(0my(2) 2, (75)

ki, A,/ \wy [

In addition,

mh:E(m):E(g)(mb):E r (76)
Bsn 2 \wg 2 \wy/ \wgy T Tgay,
and
wD, T w T g 2 r
5()-10)E)- 3
ﬁu 2 wy, 2 Wy, Wy, Hr_r'bu
Also
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% (i) =2¢,r (78)

where the parameters of the frequency ratios are defined as

_ __ wgn _ wgy _ Lip
T=—, Ty ===, Ty = =, Ty = —
oy | S2b oy | Sib oy | fm T o
* J—
ksh = (ﬂsz +ibg,) , kihy = (‘151 +ibgy) ,

and ki, h, = {asz + 11}52)—

Using the parameters of Equations (72)-(78) derived above and Equation (55), one can obtain

the maximum total roof displacement of the upper structure, wu(h) as

max’

E“S:-.'l"bs'_-.} (79)

P = 5

The maximum total displacement at the bottom of the upper structure, u(h] of Equa-

tion (57), can be expressed as

w(h]) pmaw = ‘(%) [EE(HTEZIJ

The maximum total displacement at the bottom of the isolator, u(h])
can be expressed as

ax

(agptibgy)— ;TE (mgg+ibgy) )-l-e Ire.n (“.SJ.""E"SJ.}] (80)

of Equation (59),

T

T

1 —i—r @ i o L
IL(h’I]mnx — ‘(E) [TSIE ZFEL?J( sat bSL + nge 2,-3 | gyt bSL}jH (81)

The maximum relative displacement between the top and the bottom of the isolator (isolator

deformation), Au(h,) of Equation (61), can be expressed as

max

Au(hy), 0 = ‘(%) [E'(H—Eﬂhhbs!}- ~(asstibgs)5?) _I_Ef%(nhﬂbh}%
(82)

3
i
Zrgyp — T2 2T50b

—in——(ag, +ibg, ) “—(ag,+ibg, )
518

The maximum relative displacement between the top and the bottom of the upper structure,

Au(h) of Equation (63), can be expressed as

max
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Ll h,
e —’3 ':zj._..+zb5-_..:' hl

. ] T
LRS""_HbSS}_T

1 T T YR
ﬂu[h]mm = ‘[Q) lze 2rgop (asatibss) _ eili.n b

ro. k.,
(ag,+ib }—-}
b 5z 2l

(83)

The transmissibility of the relative displacement between the top and the bottom of the isola-
tor, TRz, (h,) of Equation (70), can be expressed as

Au(hy) s
Ti(ﬂ:]?ﬂﬁ.;f

[%)

TRgp(Ry) =

e .t

'ﬁ3 yHibg,
51€ "3- — Tge

o T or o R,
il T——(agstibcel— (@oatiboa—>
|I e Sz THOSs Z7rgan S TEUEs Y

‘T
_?E_

Tor o, R,
i—lag, il =
Zrgap o2 2R (84)

}-|-e

{ag, tibg, :'l

The transmissibility of the total displacement at the top of the upper structure with respect to

the total displacement at the ground surface, TR;p(h) of Equation (68), can be expressed as

TRy (1) = o2 = |(2) (&

Ti’(ﬂj?ﬂﬁx U

Parametric Studies and Discussion

(Editor's Note: see all Figures at the end
of this article.)

Figures 4-7 show the roof dis-
placement, relative displacement be-
tween the top and the bottom of the up-
per structure, relative displacement be-
tween the top and the bottom of the

lower structure, and isolator deformation,

respectively, under various damping ra-
tios of the isolator when the mid- story-
isolated structure is founded on a rigid

foundation (without soil) with .., = 4,
h,/h=0.05 and £, = &, =504 It
should be noted that hereafter, the ab-
scissa represents the frequency ratio r.

It is revealed from these figures that
damping is helpful in reducing the
structural displacement and deformation

> .:n53+ib53})‘ (85)

(relative displacement) of the first mode
but not for higher modes and that
damping always helps for the reduction
of isolator deformation. Note that the
response of the first mode of an isolated
structure is always considered to be
eliminated in virtue of vibration isola-
tion technology. It is therefore, from the
reduction of structural deformation
viewpoint, not preferable to comprise
high damping in a mi-story isolation
system. It is observed that higher mode
responses play an important role in the
response of a mid-story isolated struc-
ture, especially for structural deforma-
tion.

For a relatively harder soil condi-
tion (I, = 0.5) compared to the structure,

Figures 8-11 demonstrate the total the
roof displacement, relative displacement
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between the top and the bottom of the
upper structure, relative displacement
between the top and the bottom of the
lower structure, and isolator deformation,
respectively, with various damping ra-
tios provided by the isolator when the
mid-story-isolated structure is founded

on one layer of soil with r, = 2.5. The

responses of the whole system are larger
than those for the case of the mid- story-
isolated structure founded on a rigid
foundation. It is illustrated that the soil
layer plays a role of amplifier to enlarge
the response of the entire system by
comparing them with Figures 4-7, espe-
cially for the third mode response that is
the second mode for both structure and
soil. As shown in Figures 9 and 10, a
higher damping ratio is very helpful in
reducing the responses of the first and
second (the first mode for the soil layer)
modes but not in weakening the re-
sponses of higher modes. On the other
hand, as shown in Figure 11, higher
damping ratios are always useful in de-
creasing isolator deformation, and the
isolator deformation is significantly
greater than that of the rigid foundation
case, as shown in Figure 7. This means
that the design of the displacement ca-
pacity of the isolator should consider the
SSI effects.

Figures 12-15 demonstrate the roof
displacement, relative displacement be-
tween the top and the bottom of the up-
per structure, relative displacement be-
tween the top and the bottom of the
lower structure, and isolator deformation,
respectively, with various damping ra-
tios provided by the isolator when the
isolated structure is founded on two lay-
ers of soil under the condition of Case
2-1 listed in Table 1 (this case represents
one harder soil layer overlying another
softer soil layer). As shown in Figures

12-14, a higher damping ratio is very
beneficial in reducing the responses of
the first and second modes but not in
lessening the responses of higher modes.
If we can design an isolator to make the
first and second natural periods of the
entire system long enough, we may be
able to eliminate the total responses of
the first and second modes by the low
energy contained in the long period re-
gime of earthquakes and to minimize the
response of the entire system. Note that
in this case, only to eliminate the first
mode response does not seem to be an
optimum way, because the natural fre-
quency of the second mode is very close
to that of the first mode. The deforma-
tion of the upper structure, however,
does not benefit from higher damping
ratios provided by the isolator, which
transmit the energy onto the upper
structure, because its response will be
dominated by higher modes. On the
other hand, as shown in Figure 15,
higher damping ratios are always useful
in decreasing isolator deformation, as
predicted in Equation (6). The relative
displacements between the bottom and
the top of the upper and lower structures
under various damping ratios, as shown
in Figures 13 and 14, are also evidence
that a higher damping ratio will induce
more deformation in the superstructure
if it already eliminates the contribution
of the first- and second-mode responses
by lengthening the natural period of the
entire system through mid-story isola-
tion technology.

For the case of a hard soil layer on
another even harder soil layer in soil
strata, referring to Case 2-2 as listed in
Table 1, Figures 16-19 display the roof
displacement, relative displacement be-
tween the top and the bottom of the up-
per structure, relative displacement be-
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tween the top and the bottom of the
lower structure, and isolator deformation,
respectively, with various damping ra-
tios from the isolator. As shown in Fig-
ures 17 and 18, the responses of higher
modes of the structural deformation are
amplified by the first softer soil layer,
compared to the second layer, which in
turn amplifies the higher mode re-
sponses of the superstructure even as it
is reduced by the base isolator. The iso-
lator deformation, as shown in Figure 19,
increases because the movements of the
isolated upper structure and the lower
structure might not be in phase. Isolator
deformation is always lessened by the
isolator damping. This soil condition
results in a greater structural deforma-
tion than that in Case 2-1 because more
vibration energy can transmit onto the
superstructure from the interface of the
first and second soil layers.

Conclusions

To investigate the SSI effects on the
dynamic response of a mid- story- iso-
lated structure founded on multiple soil
layers overlying bedrock, closed-form
solutions have been obtained and then
discussed for various conditions. We can
draw the following conclusions after a
series of numerical exercises and obser-
vations by the derived closed solutions:

(1) The SSI significantly affects the
seismic response of a
mid-story-isolated structure founded
on soil layers overlying bedrock.

(2) Damping of the soil layers and iso-
lator plays both the roles of absorb-
ing and transmitting energy to the
upper structure.

(3) The first and second modes of the
entire system are governed by the
properties of the superstructure and

isolator, and a higher damping ratio
is, in general, beneficial for reducing
the responses of these two modes.

(4) The efficiency of the isolator in re-
flecting vibrational energy trying to
transmit onto the superstructure has
no relation with the properties of the
soil layers, but it depends on the
properties of the superstructure and
the isolator.

(5) The higher-mode responses of the
entire system are usually dominated
by the properties of the soil stratum,
and the reduction of the higher-mode
responses of the superstructure is
generally not benefited by higher
damping of the isolator.

(6) The reduction of the response of the
structural deformation benefits from
the large values of r, to reflect en-
ergy at the interface of the super-
structure and the isolator, even
though the motion on the ground
surface is amplified because of the
large amount of energy reflected
from both the superstructure-isolator
interface and the bedrock to cause
large displacements of the ground
surface as well as the large deforma-
tion of the isolator.

(7) The SSI effects on the design of the
isolator displacement capacity
should be considered cautiously be-
cause the response of the soil me-
dium might be amplified by the re-
flected waves from the boundary and
the movements of the isolated super-
structure and the ground surface
might be out of phase.

(8) Higher damping ratios provided by
the isolator are generally beneficial
for reducing isolator deformation.
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Table 1. Properties of a mid-story-isolated structure built on two
soil layers overlying bedrock

Cases Tep Trm Tebz Ig $s% 1% 5% | BB,
2-1 4.0 2.5 0.833 0.5 5 2 2 1.5
2-2 4.0 2.5 2.5 0.5 5 2 2 0.5
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Figure 1. Touaillon’s original patent (1870)
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L. KOHL.

DEVICE FOR PROTECTING BUILDINGS AGAINST EARTHQUAKES.
APPLICATION FILED JULY 3, 1914,

1,158,932. Patented Nov, 2, 1915,
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Figure 2. Kohl’s original patent (1915)
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Figure 3. A mid-story-isolated structure founded on soil layers overlying bedrock
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Figure 4. Roof displacement for case of rigid foundation under various damping ratio
of isolator
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Figure 5. Relative displacement between top and bottom of the upper structure for
case of rigid foundation under various damping ratio of isolator
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Figure 6. Relative displacement between top and bottom of the lower structure for
case of rigid foundation under various damping ratio of isolator
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Figure 7. Isolator Deformation for case of rigid foundation under various damping
ratio of isolator
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Figure 8. Roof displacement for case of one layer soil under various damping ratio of
isolator
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Figure 9. Relative displacement between top and bottom of upper structure for case of
one layer soil under various damping ratio of isolator
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Figure 10. Relative displacement between top and bottom of lower structure for case
of one layer soil under various damping ratio of isolator
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Figure 11. Isolator deformation for case of one layer soil under various damping ratio

of isolator
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Figure 12. Roof displacement for Case 2-1 under various damping ratio of isolator
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Figure 13. Relative displacement between top and bottom of upper structure for Case
2-1 under various damping ratio of isolator
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Figure 14. Relative displacement between top and bottom of lower structure for Case
2-1 under various damping ratio of isolator
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Figure 15. Isolator deformation for Case 2-1 under various damping ratio of isolator
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Figure 16. Roof displacement for Case 2-2 under various damping ratio of isolator
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Figure 17. Relative displacement between top and bottom of upper structure for Case
2-2under various damping ratio of isolator
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Figure 18. Relative displacement between top and bottom of lower structure for Case
2-2 under various damping ratio of isolator
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Figure 19. Isolator deformation for Case 2-2 under various damping ratio of isolator
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