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ABSTRACT

Soil-S tructure Interaction 

Influence of Lift-Off 

b y 

Yong tai Gu 

Adviser: Professor Charles A. Miller

In this research the effects of lift off on soil-structure interaction are discussed. 

Two types of lift off model are introduced in two different parts. In part one, the 

Wolf's discrete model is modified as  a discrete lift off model. The vertical and 

rocking concentrated spring and dam pers from wolf's model are converted to 

distributed springs and dam pers so that lift off effects may be included. The 

horizontal spring and damper are used in lift off model directly. The equations of 

motion during lift off are  taken to be nonlinear. Two different m odels for 

spring/damper distributing are established and studied.

In part two, a  continuum mechanic model derived by use of Pekeris solution and 

C hao 's solution. It is assum ed  that the base  of foundation is divided into 

segm ents(strips). The relationship of unit uniform pulse on a strip and 

displacement due to the pulse is established first. A solution is obtain sequentially in 

time for the unknown m agnitudes of the uniform pulses applied to each strip of 

foundation. When the pressures in a strip are in tensile, the lift off occurs. For 

developing lift off model, the pressure in tensile must be set as  zero since soil can 

not carry tensile force.

The validity of these two lift off models is evaluated by two set of experiment data. 

The acceleration spectra predicted by the lift off models are compared with the 

m easured da ta  in these  two experiments respectively. The dynamic stiffness 

coefficients calculated by these two models are compared with Wolf's formula when 

lift off neglecting.
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The lift off effects on soil structure interaction are studied by evaluating the 
peak acceleration required to lift off. The peak acceleration required to lift off are 
effect by interaction damping ratio, depth of burial,and height of the structure's 
center of gravity above base. Also, the results predicted by lift off models when lift 
off neglected and considered are compared and studied.
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Chapter

Introduction

The effects of the soil-structure interaction process on the response of a 

structure to an earthquake has long been a topic of interest in engineering and 

geophysics. The response of a structure during an earthquake depends on the 

characteristics of the ground motion, the dynamic properties of the surrounding 

soil, and the stiffness and inertial properties of the structure and foundations. An 

appropriate model must properly account for the different structural elem ents 

(shell, slabs, walls and frames), and must accurately represent the material 

behavior of concrete, steel and soil. The condition at the foundation-soil interface 

must be properly modeled including the possibility of lateral separation and 

foundation uplift. Finally, the model must be capable of properly modeling the 

seismic free field environment which consists of body waves (shear and dilatation) 

arriving at some angle of incidence and surface waves (Raleigh and Love).

The requirements just described imply that a complete soil structure interaction 

model must be fully three dimensional and non-linear. For a structure which is 

founded on rock or a very stiff soil, the foundation motion is essentially that which 

would exist in the soil at the level of the foundation in the absence of the structure 

and any excavation; this motion is denoted as the free field ground motion. For soft 

soil, the foundation motion differs from that in the free field due to the coupling of 

the soil and structure during the earthquake. This interaction results from the 

scattering of waves from the foundation and the radiation of energy from the 

structure due to the structural vibrations. Because of these effects, the state  of 

deform ation in the supporting soil is different from that in the free field. 

Therefore, the dynamic response of a structure supported on soft soil may differ 

substantially in amplitude and frequency content from the response of an identical 

structure supported on very stiff soil or rock.
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Several non-linear effects become significant at high acceleration levels. The soil 

may behave in a non-linear fashion at strain levels associated  with the large 

earthquakes. These nonlinearities are approximately accounted for in a linear 

analysis through an adjustment in the values of modulus and damping for the soil. 

Iterative solutions are  obtained until the assum ed soil properties match the 

calculated soil strain levels. A second source of nonlinearity occurs at the 

soil/structure interface when the foundation lifts off from the soil. This thesis focus 

on the SSI problem and particular the non linear effects associated with lift off. A 

brief description of the state of the art for treating SSI without lift off is first given 

followed with a discussion of the lift off problem.

Most of the solutions to the SSI problem treat the foundation as  a rigid plate, 

either circular or rectangular, resting on an isotropic, homogeneous, linear elastic 

half space. The earlier solutions to the problem have been obtained assuming that 

the distribution of contact stresses is the sam e under both static and dynamic loading 

and is independent of the frequency of vibration. Actually the distribution of contact 

stresses depends on the frequency. Lysmer [3] has succeeded in solving the problem 

of a rigid plate under steady state vertical oscillation taking into account the proper 

distribution of contact s tresses. Using a somewhat similar approach, Elorduy [5] 

has developed a method applicable to the vibrations of a rigid plate of arbitrary 

shape resting on an elastic half space. He makes use of the known solution for the 

free-field response due to a vertical (Pekeris [6]) or a horizontal (Chao [7]) 

concentrated step pulse applied at a  point of the elastic half space. He then solves 

two sets of simultaneous equations to satisfy the boundary conditions at the base of 

the plate. Elorduy's application to rectangular plate is based  on the simplifying 

assumption that the phase lag between force and displacement is the sam e at all 

points of contact between the plate and half space.

Elorduy's approach, after removing the simplifying assumption and incorporating 

an explicit consideration of coupling between vertical and horizontal displacements, 

can give results as accurate as desired for plates of arbitrary shape. However, as in
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Lysmer's treatment, the method gives rise to very ill-conditioned equations in some 

range of the variables. This difficulty was obviated by Robertson [9] through a 

transformation of the integral equation from which these sets of equations are 

derived. He was thus able to arrive at an exact solution for the vertical oscillations 

of a rigid circular plate on an elastic half space. His method can be adopted to 

analyses of the rocking, torsional and translational oscillations of rigid circular 

plates and to the vibrations of infinitely long rigid plates. However, it is not 

applicable in any form to finite square or rectangular plates.

Talimi [10] has been able to solve the problems of rocking and translational 

oscillations of a rigid circular cylindrical pier em bedded in an elastic half space. 

Parm elee [11], and Wilson [12] have obtained solutions using a  high-speed 

computer for specific two dimensional cases  using lumped-parameter models and 

finite elem ents.

The response of an infinitely long foundation having a circular cross section and 

subjected to shear waves with partial motion in the direction of the long axis of the 

foundation has been obtained by Luco [17] and Trifunic [18]. Results for the case  of 

a  semi-elliptical cross section have been presented by Wong [19]. An integral 

equation approach for foundations of arbitrary cross section and numerical results 

for the partial case  of a rectangular cross section have been presented by Wong 

[19]. Oien [20] obtained the response of a plate strip foundation subjected to 

Raleigh waves.

The translational and torsional response of a circular foundation, supported on an 

elastic half space and subjected to plane non-vertically incident shear waves has 

been studied by Kobori [21]. The torsional response of a circular foundation to 

non-vertical incident shear waves has also been studied by Luco [22]. Tani and 

Lguchi [23] and Scanlan [24] have obtained approximate values for the response of 

rectangular foundations subjected to non-vertically incident waves. Finally
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Dominguez [26] has obtained the response of a rigid foundation of rectangular shape 

embedded in an uniform half space.

All of the above solutions are based on the assumption that the foundation is 

"welded'' to the soil. It implies that tensile stresses in the soil/foundation interface 

can be developed under large seismic loadings. In reality, such tensile pressures 

cannot develop at the interface. When the stresses at the interface tend to be tensile, 

a portion of the foundation will separate from ground (foundation uplift). At that 

moment, the contact stresses at the soil foundation interface will be "redistributed." 

The magnitude of the SSI system forces must be changed when lift off occurs. By 

investigating seismic induced rocking motion, Meet [13] was first to recognize the 

effect of foundation lift off and the performance of seemingly unstable structures 

during an earthquake. Experiments [16] on steel building frames with column 

uplift during vibration dem onstrated  that column uplift, occurring under an 

extreme earthquake, would have a considerable effect on the response of the 

structure. A simple model was recently studied in [4], in which the lumped 

param eter analysis method was modified by representing the typical lumped 

soil-structure interaction springs and dam pers with equivalent models distributed 

over the area of the structure foundation. The distributed springs and dampers were 

then modified so that they can only transmit compressive s tresses. Important 

differences were found for the rocking and vertical motion between the results 

obtained considering and neglecting lift off.

In this dissertation, it is intend to investigate the influence of lift off on 

soil-structure interaction during an earthquake by using two different models. One 

is the discrete model method and another is the continuum mechanics method. With 

both methods, it is assum ed that 1.) the free field motion is directly used a s  input; 

2). the foundation is rigid and rests on or is embedded in an elastic half space.

In the first case, Wolf's discrete model [1] is modified in a manner similar to 

[4]. This is an improvement over the work in [4] since Wolf's model has more
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param eters than that was used in [4] and has the ability to dissipate energy during 

impact of the foundation with the soil. Chapter 2 briefly introduces Wolfs discrete 

model. Wolf presented a discrete model, as  shown in Fig.(2.1), to perform a time 

domain analysis of the response of an embedded structure. The structure is assum ed 

to be a rigid cylinder with m ass that is supported from a rigid base. A vertical 

spring/damper, a rocking spring/damper and a horizontal spring and damper placed 

at different heights models the SSI effects. A virtual additional m ass representing

the soil's behavior, is connected to the foundation node through a damper acting in 

the vertical direction. An additional rocking m ass is connected with a rocking 

damper to the base. All these parameters are frequency independent. This model is 

semi-empirical. It is based on a semi-infinite truncated cone model of the soil 

whereby, after enforcing a match with the static stiffness, the remaining 

param eters are modified to achieve an optimal fit of the dynamic-stiffness 

coefficients in the frequency domain.

Chapter 3 is devoted to developing a discrete lift off model. Wolf's model is 

converted into a lift off model in a manner similar to Miller [4], Since lift off has 

little effect on the horizontal direction response  of the foundation, Wolf's 

coefficients for the horizontal spring/damper are directly used in the lift off model. 

However, the coefficients in the vertical and rocking directions are modified, 

since the contact area between foundation and soil will change at each time step as 

varying degrees of liftoff occurs. The main idea is to distribute the lumped 

param eters from Wolf's discrete model over the foundation area, and then, 

assuming that the distributed spring/damper model can only transmit compression 

pressure. During the earthquake, the m ass, spring and dampers in the tensile area 

are omitted. In order to make the distributed param eter model match the no lift 

off model, It is necessary to add a lumped spring, damper, and m ass at the center 

of the base.

A computer program code is developed for this discrete lift off model and it is
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described in Chapter 3. The equations of motion are integrated in the time domain 

using the Wlson-e method. Chapter 4. gives several examples of results obtained 

with the discrete lift off model developed in Chapter 3. Two sets of experimental data 

are used to compare with the results predicted by the lift off model. The first one, 

Simquake II [29], was performed on June 2 ,1977 at the University of New Mexico. 

The test was conducted by the Civil Engineering Research Facility of the University 

for the Electric Power Research Institute. The structure was a scale model of a 

reactor containment building. The second set of experimental data comes from a 

large scale model containment (Taiwan Seismic Experiment [30]) placed in a region 

of high seismicity in Taiwan. This work was sponsored by the Electric Power 

Research Institute and Taiwan Power Company.

In Chapter 5, a variation of param eters study is performed to evaluate the 

significance of lift off. First, the peak acceleration required to cause  lift off are 

determined. Many param eters .such as the position of the structure's center of 

gravity, depth of em bedm ent, and frequency of the system , effect this peak 

acceleration. Second, the significance of including lift off effects considering lift off 

in the soil structure interaction are investigated Com parisons are m ade for

response spectra generated for cases  including lift off and neglecting lift off.

In the second part of the thesis, a continuum mechanics method is developed to 

investigate the effects of lift off. This model is also used to evaluate the validity of 

the discrete lift off model that is developed in part 1. The foundation is treated as 

rigid and divided into strips. Influence functions are developed by integrating 

known solution of the response of an elastic half space  to unit pulses in the 

horizontal and vertical directions. The interaction force at each strip is treated as 

the unknown at each time step and a set of simultaneous equations developed based on 

the equations of motion of the structure and the compatibility condition at the 

soil/structure interface. The soil motion is the sum of the seismic input plus the 

effects of the interaction forces which locally perturb the free field motion. These 

simultaneous equations are solved for the interaction forces.
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In Chapter 6 several assum ptions are made to simplify the soil structure 

interaction system. The compatibility and equilibrium equations of motion are then 

established. Chapter 7 deals with the computation of the horizontal and vertical 

displacements in an elastic half space due to unit pulses. In this Chapter, Perkeris 

[6] and Chao [7] 's solution are used to compute the displacements when a pulse is 

applied on the surface of an elastic half space. The Perkeris solution gives the 

horizontal and vertical displacement in an elastic half space at time(t) caused at a 

distance (r) by a step vertical force applied at time (t0 ); Similar to this, Chao's 

solution gives the horizontal and vertical displacement caused by a horizontal step 

load. The sensitivity of results to the time step, special discretion of foundation and 

the explicit form of unit pulse solution are considered.

Chapter 8 introduces the numerical technique, A fourth order Runge-Kutta 

numerical integration schem e is introduced in Chapter 8 to solve the equations 

derived in Chapter 6. A computer program for this model is developed. Sensitivity 

studies are performed considering the size of the elem ents used to model the 

foundation and the effects of different time steps used in the numerical solution. It 

will be seen that the pressure values converge to a fixed value as the time increment 

At and the width Ax become smaller.

In Chapter 9 the validity of this model is evaluated. Similar to Chapter 4, the 

dynamic stiffness coefficients are computed and studied. Several exam ples of 

analysis by this mode are given in this Chapter. The comparisons are made with the 

results predicted by both the discrete model and the continuum mechanics method 

when lift off is neglected or considered. The lift off effect on the soil structure 

interaction process is evaluated by this model. The pressures and accelerations in 

the foundation are computed and studied when lift off occurs. Chapter 10 gives some 

conclusions and suggestions.
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Chapter 2 

Discrete Model Neglecting Lift Off

2.1 Wolf's Discrete Model

The soil/structure interaction (SSI) solutions, discussed in Chapter 1, generally 

require the solution of coupled integral equations to obtain numerical results. These 

results are therefore often simplified by obtaining "equivalent' models which yield 

comparable results over the frequency ranges of interest. These equivalent models 

usually are constructed with spring/dashpot elem ents. One of these equivalent 

models has been developed by Wolf [1). This model is modified in Chapter 3 of this 

thesis to accom m odate liftoff effects. Wolf's original model is described in this 

Chapter.

Consider a  cylindrical structure of radius (R), height (H), and em bedded in an 

elastic half space by an amount (e) as shown in Fig. (2.1). The elastic half space has 

a shear modulus (G), Poisson's ratio (m), and m ass density (r). The structure has 

a m ass (Ms ), and rotary inertia (Js ) about the structure's center of gravity, 

located a distance (Zq ) above the base. Wolf developed the model shown on Fig. 2.2 

connecting the structure to the free field to model SSI effects. The structure is 

coupled to the soil: vertically through the spring and dashpot (Kv, Cv); horizontally

through the spring and dashpot (K^, C^); and rotationally through the spring and 

dashpot (Kr, Cr). Additional m asses (Mov, M0h, J0) are attached to the foundation to 

represent the soil

m ass vibrating with the foundation in the vertical, horizontal, and rotational 

directions respectively. The m asses ( M1f and J-|) are attached to the foundation 

through the dampers ( C-|V, and C^r) to model the energy that is radiated from the 

structure to the soil a s  the structure vibrates.
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FIG (2.1) EMBEDDED STRUCTURE

I I

FIG (2.2) DIICRETE MODEL

Wolf d ev e lo p ed  the  following ex p ressio n s for th e se  SSI p a ra m e te rs  by fitting the 

s ta tic  stiffness an d  obtaining b e s t fits to the  frequency d e p e n d e n t so lu tions ob ta ined  

by rigorous trea tm en t of th e  SSI problem .

8GRK.=.
" (2 - j i)

■ d . f  > (2 . 1)

(2 2 )

(2.3)

R K
C =------- -  (0.68 *0.57 Ip J

oh c (2.4)

c » - i ~ 7 7 ~ | 0 J 6 r  1
(2.5)
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C1r = - - Kr [0.40 ♦ 0 .0 3 ( | - ) 2 1 (2.6)
0 s

c , v = - ^ - l 0 . 8 5  + 0 .35(1 )]  (2.7)
Cs 

R K
Cl v= -  -  Y [0.32 -  0 . 0 0 1 ( f ) ]  (2.8)

n ch~— ^Z ^oh (2 9)
s

J
_ R %

0
Cs

2 ^*or (2 .10)

(2 10
^ S

J < =~ r - M , r  <2 >2)

" i  = -5 ? - > ‘ ,v (2.13)

In w h i c h ,

Moh=o (2.14)

^ = 0  (2.15)

Mo v = 0  (2.16)

=0.33 ♦ 0 .1 ( f - ) 2 (2.17)

^ 1v = 0.38 (2.18)
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in whoch

Cs = J ?  , wave  veloc i tyP
2.2 Assumptions

In order to analyze the response of the system during an 

earthquake by using this discrete model, the following assumptions are 

made:

1. A rigid structure is embedded into an elastic homogeneous half space.

2. The structure is "welded” to the soil, that is, tensile s tre sses  can develop 

between the foundation and soil.

3. All of the param eters of the system are independent of frequency.

4. Free field surface motions are used directly as input to the dynamic system.

2.3 The Equilibrium Equations of Motion

From Fig (2.2), the system has five degree of freedom so that five equilibrium 

equations of motion must be established to analyze the responses of this system 

during an earthquake. As shown in Fig (2.1) and Fig (2.2), V0 , U0 are the 

displacem ents at the center of the foundation in the vertical and horizontal 

directions respectively; and $ 0 is the rotation of the structure (measured about the

base); and 4>̂  correspond to the vertical displacement of m ass M-| and the 

rotation of m ass J i  respectively. If the accelerations of the ground motion are 

and Xv in the horizontal and vertical directions respectively, the total kinetic 

energy of the system is

( 2 . , 9 )

and the potential energy of the system is

2 y o 2P = T ( U  + Fk * . ) 2 t 4 t *.: * O .2 0 )
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If a set of virtual displacements 6 U, 6 <f>0 , 6 <f>-|, 8 V0 and 8 Vi are imposed on each 

of the generalized coordinates U, $ 0 , $ 1 , V0 , and the virtual work done is

W "'  = - 1  \  8  u -  M»  8  V .  - C ,  ( u  * F c i 0 ) S u

• | c . v <' . * c , v < V  ^ , > ] S v , , - C 1 v ( v ,  -  V „ ) S v (

- < C , A * F. C h C l ) « » , - Ci r < * „ - * i  ) )S4>, (2 .21)

Using Lagrange's equation

d / dT x dT  . d P
S t ' a T , *  ' a ? ,  + ^  = o ,  (2.22)

where,  i= 1, 2 , '  • • 5 )  are generalized coordinate, special y for this system they 

a r e ;  U, <J>0 , 4 > , , V0 , V , .

= - r\ ' X* h - C h < U * F e 4 > 0 ) ( 2 . 2 3 )

^ 2 _ - Co r i 0 “ Ch U -  C , r ( ^ o - ^  ) ( 2 . 2 4 )

Q3 = " Ctr ( ^1 -  4>o ) ( 2 . 2 5 )

Q4 = _ my Xv -  I CovV0 + C 1 v ( v 0 -  V, ) l  (2.26)

Q5 = - C 1v( V 1 - Vo ) (2.27)

Finally, the equilibrium equations of motion for the discrete model system are



1 3

V U * Z . $ . ) * C h ( 0 * F e ^ o ) + Kh ( U * F h ♦ . )  = - r U h

J + Mh (U + Z0 4>0 ) Z0 ♦ Ch Fc U ♦ Cor $ o

4C i r (  4>o -  ) + Kr <t>0 ♦ Kh ( U  ♦ Fk<t>0 ) Fk = 0

J l  <t>i + c 1 r( - $0 )= 0

Mv Vo+Cov V 0 * ( V . - V , )  C 1 v , K v V,  = -  My X v 

M, V,  ♦ (  V, -  V . )  C 1v = 0

in which,

^ h “ ^ s +^ o h

My“

J - J g + J 0

Ms and J s are the m ass and m ass moment of inertia for the structure. The other 

coefficients of these equations given in Section 2.1.

The equations from (2.10) to (2.14) can be expressed in matrix notation as,

[ M ] < U )  ♦ [ C ]  ( U )  ♦ [ K ]  ( U } = { P ) (2.33)

( 2 .2 0 )

(2.29)

(2.30)

(2 31)  

(2.32)

1n w hich.
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M, Z0 " h

Z0 Mh J  ♦ZjM*

[M] = (2.34)
n

M,

[ C ]  =

Ch FcCh 

Fc Ch Cor +C i r 

- C 1r

-C ,r

C lr (2.35)

^ oy+^ 1 y -c 1 Y

•tv •1v

Kh Fit Kh

F|< Kh Kr Kh

[ K ] (2.36)

0
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w h e r e .

( U)  = [ U .  V . , V , ] T (2 .37)

{U ) =  [ u , ♦ .  , ♦ ,  , V .  , V, ]T (2 .38)

(U ) = [ u , ♦, , ♦, , V .  , V, ]T (2.39)

(P ) = - [Mh x h, 0 , 0 , n v 'x'v , o ] T (2 .40)
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Chapter 3 

Discrete Lift Off Model

3.1 Introduction

The large lateral loads acting on a structure during an earthquake may lead to a 

substantial overturning moment. It is possible for these m oments to result in 

tensile forces occurring at the soil/structure interface based on a linear,'welded’ 

model as discussed in previous Chapter. Since tension is incompatible with the 

constitutive law of soil, the b ase  mat will becom e partially separa ted  and 

corresponding shear stresses (friction) can occur in the area of contact. A model for 

analyzing soil structure interaction including the effects of partial lift off is 

derived. The model is developed by distributing the lumped param eters 

(springs/dampers and m asses) of wolfs discrete model over the foundation area.

For example, as  shown in Fig(3.1) a, Kv and Kr are the vertical and rocking 

spring interaction coefficients from Wolfs discrete model, and are modeled with a 

foundation modulus k. The concentrated parameters( Kv* and Kr *) are added so

that the vertical and rocking stiffness of the two models may be equaled. T h e se  

th re e  va lues k, Kv * and Kr * are  I l lu s tr a te d  In Ftg (3.2) (1), (2), and (3). 

Similarly, the other param eters C0 , C^, M0 , Mi J 0

b ) LIFT OFF MODELfi)WELDED MODEL

FIG. (3.1) DISTRIBUTED PARAMETERS
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and J i can also be distributed over the foundation base as shown in Fig (3.2). Fig

(3.2) (1) illustrates a set of distributed param eters at each point of the foundation 

base. Two se ts of lumped param eters in the center of base are shown in Fig (3.2) 

(2) and (3).

Two distributed models are developed in this Chapter. In the first, the parameter is 

uniformly distributed over the foundation and in the second, the param eters have a 

parabolic distribution.In section 3.2, the uniformly distributed param eters 

will derived from Wolf's model. The equations of equilibrium of motion developed in 

Chapter 2 are modified. Since the coefficients of the stiffness,damper and mass 

vary with time step due to lift off, these equations of motion are no longer

orov

/  / /  /  / / / /  /  /
( 1 )  typical dis tr ibuted ( 2 )ve r t i c a l  concentrate ( 3 )  rocking concentrate 

parameters  model at center  model center

FIG (3.2) THE DETAIL OF LFT OFF MODEL

linear. The parabolic param eter distribution model is introduced in section 3.3. 

Section 3.4 briefly introduces a computer code for analyzing this lift off influence 

on soil structure interaction. The Wilson-0 In te g ra tio n  m ethod  is  used to 

so lv e  the  n o n lin e a r  eq u a tio n s .
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3.2 Uniformly Distributed model 

According to the analysis in reference [4], lift off has only a small effect on the 

base horizontal motion. Therefore, the param eters of the spring/damper and m ass 

in the horizontal direction can be used  for the lift off model without any 

modification.

The distributed vertical spring value K is found from the distributed the lumped 

spring values (Kv and Kr) given in Chapter 2. Since either the vertical or rocking 

set of springs cannot completely determ ines the springs, the additional single 

vertical spring Kv* and rocking spring Kr* are required to be placed at the center 

of the base  to complete the model. The total forces in the spring of the discrete 

model must be equivalent to that of lift off model. Foundation module (Kv and Kr) 

are derived to match the lumped parameter model and combined with a parameter 

(<x) to the model foundation modulus (k) as follows:

For the equivalency between lift off and "welded" model a concentrated vertical 

and a rocking spring must be placed in the center of base as shown in Fig (3.1) . The 

values of these param eters are a s  following:

(3.1)

(3.2)

k = kv ♦ a (  F r  -  ky ) ( 0  < 0 C <  1 ) (3.3)

K* = Ky -  TTR* I (3.4)

(3.5)



Plots of the distributed and lumped parameters are shown in Fig (3.3) and (3.4), 

and (3.5). From Fig (3.3), the uniform vertical spring value k is always positive 

and increases with oc value ; the value Kv* and Kr*as shown in Fig (3.4) and Fig

(3.5) respectively decrease with value « ,  but Kv * is negative for all positive 

values of(oc). To avoid negative spring rates, «  is taken to be 0.

0.4 0.6 0.8

FIG (3.3) DISTRIBUTED PARAMETERS VARY VITH CC
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.13
«

10

0

-.45

.75

.95

unit of parameters 

K* ( k / F t )

ovC (k  s e c / F t )

C*y Ck.sec /Ft )  
M * (k .$ec2/ F t )

0. 0 2  0.4 0.6 0.8

FIG (3.4)CONCENTRATE VERTICAL PARAMETERS VARY WITH «

unit of parameters 
(k Ft) 

(k.sec.Ft)

C)r (k.sec.Ft) 
( k . s e c 2.Ft)

0.2 0.4 0.6 0.8

FIG(3.5) CONVENTRATE ROCKWG PARAMETERS VARY WITH «
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Therefore, the final modified param eters of the spring are:

* = *  =i r n ^ ) l l *0 S4 (i ) 1 ( 3 6 )

K * = 0  (3 .7)

Kr* = _ G R i _ [  1 67+5.59("l*) +0.50 ( 3 8 )
1 - p  K R

S i m i l a r l y ,  t h e  m a g n i t u d e s  of  d a m p e r s  a n d  m a s s e s  for t he  l i f t  o f f  

m o d e l  a r e

6  r .  r r , /  e
c ' = i R f r ^ r n  2 6 *0 6 9 < t >' 0 0 ' (T  )4- ° 0 2 2 < f 151 ( 3 9 )

c*v =0 (3.10)

GR3
C* = -  (1 _ ^ l 1 .39+2.63( f ) + 0 . 0 8 ( f ) 2* 0 .8 ( | ) 3- 0 . 0 0 2 5 ( £ ) 4

+ 0 . 0 1 2 4 ( | ) 5 ] ( 3 1 , )

= — 27— (1 52+2.16 (£)]  (3.12)
i r c / d - p )  *

M * =0 <3 , 3 >

# G R5
J t = “c | ( T ^ r y l 1 -2 6 ^! 5 ( f )+ ° 2 6 7 ( | ) 2 1 12 ( | ) 3 *0  15 5 < f )4 ] (3.14)
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Since Cor is negative for value («<1) as shown in Fig (3.5), (« « 1 ) must be used 

for the distribution of the dampers, and;

E* = i F R ^ , l 7 ( - r ) *3 9 3 ( T ) 2 t 0 '9 9 ( i >41 ( 3 I 5 )

C«V = - * , (3.2+3.12 9 ( - | - ) - 0 . 0 5 6 ( - § - ) 2 -0 .062<-J-  )4 ] ( 3 . 16)
“TTCjC I ~p) K K K

C*=0 (3.17)

in which,

k, Cq . c^, m are distributed param eters corresponding spring, damper,additional 

damper and additional mass.

Kv*,Kr* are the concentrated spring at the center of foundation base.

Cov'<Cor*are ,he concentrated damper at the center of foundation base.

are the additional m ass and m ass moment of inertia after lift off. 

C fv ’ .Cir* are the additional damper in vertical and rocking direction respectively 

after lift off.

3.3 Alternative Model For Param eter Distribution

Another model for distributing the parameters of the lumped model is introduced 

in this section. The distributed param eters are assum ed to vary in a parabolic 

manner along x direction as shown in Fig (3.6).
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Fig<3 . 6 )  Parabolic Dis t r ibu te  model

If 3 i  and 3 0 - 0  3 i (8 from o to 1 ) are the values of the vertical distributed 

parameters at the edge and the center of the foundation respectively, the value 

inside the base should be

—

3 = 3 l i e - ( e - i ) - ^ l  (3.18)

In order to match the no lift off condition, a concentrate vertical and rocking 

param eter must be placed in the center of the foundation base as shown in Fig

(3.6),and the expressions for these conditions are

Pv=Pv ‘  J A$  dA = | 3 v ( 1 - 0 )  <3 1 9 )

3 r = 3 r -  J a £ x 2 dA = 3 r -  ^  (70+1)  (3.20)

in which,

3 l« 3 v/( irR 2), A« area of foundation base.

3V is the distributed param eters based on the lumped vertical param eter

3 r is the distributed param eters based on the lumped rocking param eter For the
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spring, £■) — Kv/('rrR2), the modified springs should be

K = - ^ r  l 6 - ( 8 - l ) ^  ] (3 21)

Kv Ky ( I -  6  ) (3 2 2 )

Kr =Kr - - ^ ^ ( 7 0 + 1) ( 32 3 )

Similarly, we can get the expression for the dampers and m ass as follows:

^ ^ r r R ^ 10"*0 ’ 0 " ^ 1 ( 3 2 4 )

C p v = 4 C o v ( 1 "  0  ) (3.25)

C = C o r - - ^ 7 e + 1) (3.26)

2

C . = ^ - l 9 - ( 0 - ' ) p l  (3.27)

C, > | Cw < ' - 6 )  (3 28)

C = C l r ~ ^ ( 7 e * l )  (3.29)

M (3.30)

m S I m, ( i - 0 )
1 4  '

J , = J ,  -
R2 M1
32

(7 0 *1 )

(3.31) 

(3 32)
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Plots of these param eters as function of 8 are shown in Fig (3.7) (3.8) and 

(3.9). As shown in these figures, all of param eters except C0 -|* are positive when 

0 varies from 0 to 1. When 0 < 0.25 the values of C0 i* are also positive.

10

8

4

2

“ m.
o. 0.2 0 4  0.6 0.8 9

FIG (3.7) DISTRBUTED PARAMETERS VARY VITH 0  (X«0,R«10)
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2.0

unit of parameters 

K* (k /Ft )
: *y (k.sec/Ft)  

Cj* (k.sec/Ft)

M * (k.sec2/Ft)

0.3

‘M*------

.000
0.2 0.4 0.6 0.8

FIG (3.8) VERTCALCONCENTRATE PARAMETERS VARY WITH 0 (X=0, R=10)

0.3

unit of parameters 

k* (k Ft)
C0*r (k.sec.Ft) 

(ksec.Ft) 
j f  ( k . s e c 2.Ft)

0.2

 M,
0.0

er

- 0.1
0 0.60.2 0.4 0.8

FIG (3.9) ROCK MG CONCENTRATE PARAMETERS VARY VITH 0  (X=0, R=10)



2 7

As shown in Fig (3.7), (3.8), and (3.9), all of the param eters for lift off model 

are positive when 6 < 2.5. Therefore valid values of 0 are in the range of 0 to 0.25 

. A comparison of the results from those two models will be made by calculating the 

acceleration spectra  in following Chapter. It will be seen  that the uniformly 

distributed model has been improved by the parabolic distributed model.

3.4 The Equations of Motion for Lift Off Model

During the response computation, the parameters of the 

model will be changed in each time step depending on whether lift off has occurred. 

The equations of motion (2.33) become nonlinear. The coefficient matrixes of this 

equation [M]|_, [C]i_, [K]|_ change with time. They can be modified from equations 

(2.34), (2.35), and (2.36) as follows:

[M]L =

"h Zo "h

Z0 Mh J 0 + z 2 Mh 
0 n

(3 .34)

M u

Ch Fc Ch 
Fc Ch Cf l “ C t l

[ c \  - - c 1L C 1L (3 .35)

Cvj. - C l

- C l C l
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[ K ] l =

Kh

Fk Kh

Fk Kh 

KrL

0 (3 .36 )

‘vL

0

in which, the elem ents of those matrixes are shown with " L " subscript and 

indicated as:

J 1L= J 1# +  J a X2 m 1 dA (3.37)

M1L= r i f + J Af l dA (3.38)

CrL = C eV c : r+ / A ( C 0 + r , ) x 2dA (3.39)

ClL= C1r + J A C, X2 dA (3.40)

C v l = c 0V c ; y J A ( c # 4 i r 1 )dA (3.41)

C l  = C i v  + J A dA (3.42)

•<rL= F2k V K r* + J A i < x 2 dA (3.43)

KvL= Ky + J A K dA
(3.44)
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w here,

Ae is the area of foundation base that contact with the soil ground during lift off.

3.5 Computer Solution

In this dissertation, the Wilson-0 direct integrating method (Appendix A) is used 

to solve the nonlinear equilibrium equation of motion (3.33). The foundation base 

will be divided into N strips before performing this direct time integration scheme. 

It is assum ed that the s tresses over each strip area  at a special time step  are 

constant. During an earthquake, the pressures a acting on each strip are calculated 

and compared to the pressure ffg caused by the gravity of the structure. If the 

p ressure a  in a strip is in tension, ie, a > Og,  the portion of the structure will be

separated  from the soil, and the elem ents of the coefficient matrix of equation

(3.33) must be modified. A flow chat of computer code that solves the equation

(3.33) is shown in Fig (3.10).



read input data

read free field motion 
(acceleration x'h xv )

'calculate WlCUKToT 
discrete model

set initia l condition

increment time t=t+&T~V

calculate effective 
load Rucot______

(calculate HOt-nat 

(solve for (U)t»Qat

computed,{U},{U) 
at t=t*at_______

stop

yes

no

l i f t  off occur 
modify [MIJCJJKI

find pressure a1 in 
interaction face

VHERE, k IS THE COEFFICIENT OF VERTICAL SPRNG.

0 IS A CONSTANT FROM V1SON -  0 METHOD 

g IS THE CONSTANT OF GRAVITY

FIG (3.10) COMPUTER CODE FOR DISCRETE LFT OFF MODEL
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Chapter 4

Comparison of Discrete Model With Measured Data

In order to evaluate the validity of the discrete lift off model that was derived in 

Chapter 3, data obtained from two different experiments are used to compare with 

the results calculated from the model. The first data were m easured during the 

SIMQUAKE II experim ent [29]. The second is from the Taiwan SEISMIC 

experiment[30]. These experiments are described in Section 4.1 and Section 4.2, 

and comparisons are made between the measured data and that calculated with the 

discrete models. Comparisons are made between response spectra derived from the 

m easured responses and spectra of the motions calculated with the discrete model. A 

final validation of the discrete model is given in Section 4.3. The dynamic stiffness 

and damping characteristics are computed from the discrete model and compared 

with a computation made directly from Wolf's model.

4.1 The SIMQUAKE II

The SIMQUAKE II [29] experiment was conducted on June 2, 1977 at the 

University of New Mexico's McCormick Ranch test site south of Albuquerque, New 

Mexico. The test was conducted by the Civil Engineering Research Facility of the 

University for the Electric Power Research Institute. Fig (4.1) and Fig (4.2) show 

a plan and elevation view taken through the experiment site. The loading was 

induced with two plane, high explosive arrays each covering a vertical plane about 

200 feet wide and 75 feet deep (marked as Back and Front Arrays on Fig. 4.1). The 

top of the arrays were located about 25 feet below the surface, and separated from 

each other by 100 feet. The back array was detonated first with the front array 

detonated about 1.2 seconds later. The resulting free field motion consisted of two 

principal acceleration peaks with the first having a magnitude of 4 to 5 G's in the 

vicinity of the test structures.
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100 ’ •250 '
2 3 5 '

2 2 5 '

BACK
ARRAY

2 0 0 -

FRONT
ARRAY

SO I  £

S 0 2  #

S 0 3

S 0 4  SQ6

S 0 5

FIG (4 .1 ) PLAN OF SIMQUAKE II EXPERIMENT

, 5 1 ' c o n c r e t e

M  /A  M
2 . 2 6 '  mat

FIG (4 .2 ) SECS ION OF STRUCTURE SOI
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The test area containing the structural models were located about a line normal to 

the plane of the arrays and originating at the center of the arrays. The closest 

structure was 225 feet from the front array while the farthest structure was 

located 250 feet from the front array. Six structures were placed in thetest area. 

The structures consisted of a concrete cylinder founded on a concrete slab. Steel 

plates were placed on the surface of the concrete to simulate the reinforcement. 

Structural frequency of these structures were all over 40 cps. The structures were 

scale models of reactor containment buildings.

Structure S01 is used for this study and its dimensions are shown as in Fig (4.2). It 

is a  1/8 scale model and was located at 225 feet from the front array. At this range 

the peak free field acceleration was 5 G's. The structure may be shown to be rigid so 

that the only significant flexibilities were associated  with the soil structure 

interaction process. It has a weight of 253.31 kips and the following interaction 

p roperties:

Horizontal Frequency -  25.5 cps

Rocking Frequency -  10.6 cps

Vertical Frequency -  20.9 cps

Horizontal Damping -  37.5 %

Rocking Damping -  6.8%

Vertical Damping -44 .1%

There were extensive free field and in - structure measurements taken during the 

experiments. Vertical free field accelerograms were obtained immediately below the 

level of the structure. These are used as input to the lift off model. It should be 

noted that there was relatively little variation of the free field pulse as  one moves 

away from the structure. Horizontal structure acceleration m easurem ents were 

obtained at the top and bottom of the structure. These are used to valuate the rigid 

body horizontal and rotational components of the structure response. Vertical base 

mat m easured accelerations are used to obtain the vertical response of the 

s tru c tu re .
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The response spectra for the horizontal motion at top of structure S01 (include 

rocking effects), the horizontal motion at the foundation, and the vertical 

motion, are calculated by using the discrete lift off model that was developed in 

Chapter 3. The uniform distribution set of param eters is used. Two percent of 

critical equipment damping is used for all response spectra. The free field motion in 

the vertical and horizontal direction near the foundation base are used as the input 

data. In this dissertation, the kinetic interaction part is neglected according to the 

assumptions in Chapter 2. It should be noted that the input motion is about twelve 

times that required to cause liftoff so that these effects can be expected to be 

significant.

Comparisons are made in terms of the three response spectra described above 

(horizontal at the base, horizontal at the top of the structure, and vertical), as 

shown in Figure (4.5) through (5.7). Spectra are obtained for the m easured data, 

data generated including liftoff effects, and data generated using Wolf's model but 

neglecting liftoff effects. For all three spectra the spectra generated from the liftoff 

model agrees well with the spectra of the m easured data. When liftoff is neglected in 

the model the calculated horizontal spectra at the top of the structure and the 

vertical spectra do not agree well with the spectra of the m easured data indicating 

that the inclusion of liftoff effects are important.

4.2 Taiwan Seismic Experiment

A large scale soil structure interaction experiment[30] was sponsored by the 

Electric Power R esearch Institute (EPRI) and the Taiwan Power Company 

(Taipow er).

A 1/4-scale model containment structure was constructed in Lotung,Taiwan. The 

structural configuration is shown on Fig.4.3.
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FIG (4.3) THE 1 /4-SCALE CONTAINMENT MODEL

Strong motion monitoring instruments were installed in the free field near the 

model. The free field instrumentation has three linear arrays radiating out 

approximately 4-1/2 diameters from the 1/4 scale model and two downhole arrays 

to a depth of approximately 4-1/2 diam eters. One of the downhole arrays is

adjacent to the model and the other is in line with the outer edge of the surface

arrays. Strong motion accelerometers were installed on the bottom and near the top 

of the 1/4 scale models to record the foundation base mat motion and dynamic 

structural amplification. As shown in Fig(4.3), the size of the 1/4 scale structure 

and soil properties are

Weight of the structure « 1693 kips

Radius of the structure -  17.75ft

Soil wet density -  110 pcf

Soil Poisson's ratio * 0.35

Rigid body SSI frequency:
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Rocking

Horizontal

6.9 HZ 

11.4 HZ

Vertical 10.7 HZ

The construction of the model structure was completed and data collection began in 

Septem ber 1985. By July 1986, twelve strong earthquakes ranging from Richter 

magnitude 5.3 to 6.5 had been recorded. The maximum peak ground acceleration of 

the record used for this study was 0.18 G.

Comparisons of spectra computed from predicted and m easured and m easured 

accelerations are made for a gage location at the top of the structure (F4U) and the 

bottom of the structure. The spectra, in each of three directions, for the upper 

location are shown on Figs. 4.8 through 4.10. The comparisons for the lower gage 

are shown on Figs. 4.11 through 4.13. As may be seen the predicted spectra agree 

well with the m easured data.

4.3 Comparison of The Dynamic Stiffness and Damper 

As mentioned in Chapter 3, the parameters of the spring/damper model used in the 

lift off model are modified from Wolf's discrete model. When liftoff is neglected, the 

dynamic stiffness and damper coefficients of the liftoff model must be matched with 

that from Wolf's model. From Wolfs model [1], the dynamic stiffness and damper K 

and C are obtained in the frequency domain.

As shown in Fig (4.4), a rigid cylinder is embedded into an elastic half space. If 

a vertical force acting on the cylinder is in the form of

P0(u)t)-Pc(co)cos(cjt) ♦ Ps(u))s1n(cut) , (4.1)
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b
rr— 3

FREQUENCY DEPENDENT 
FORCWG FUNCTION

CE
f 7..~T ■7— T 1I

t  J

FIG (4.4) AN EMBEDDED CYLNDER IN VERTICAL MOTION

the equations of motion for the system are

MollV (Co-C i)U0 -  CjUi + KU0 =Pc(w)cos(tAjt)+ Ps ( 00) s in (cot)  (4 .2 )

, # •

M,U,+ Ci  ( U r  Uo) =0

The displacement U0 and U-| must be in form of 

U0 - A 0 cos(u>t )+B0 sin(u>t)

U-| »AiCOS(wt )+Bis in (co t )

( 4  3)

(4.4)

(4-5)

Solving for the above equations in the steady state vibration case, the frequency 

dependent forcing functions, Pc and Ps , can be obtained as:

PC(GU)=(K -CJ2I10 -  .Fl f n' )A0 +(C0+ C,-  ,  ? 2 )^B 0 (4.6)
u 2n? +cf  ou2n ;

P * ( w ) = - ( c o+c,— 5 - 7 ---- r K + ( K  -fa)2M , - . Cl ' f  Ml )Bo (4.7)
1 w 2M2 +Cf w 2M2 * C f
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If a vertical displacement is imposed on the m ass M0 ,i.e., let A0 =1 and Bo -0  in 

equation (4.5) and (4.6), the dynamic stiffness in the vertical motion can be 

obtained as follows:

The values M0 , M^, C0 , C-i and K are obtained from Chapter 2; and u> is the 

frequency. The values Kv(oo) and Cv(w) are dynamic-stiffness coefficients for the

spring and damper respectively.

The lift off model is used to generate a solution of for a forcing function P(t) in 

the time domain by imposing the vertical displacem ent,U0 « c o s(w t) , on the

cylinder. In order to obtain the frequency dependent forcing function the numerical 

solution P(t) is expanded in a Fourier series as follows:

(4 .8 )

(4.9)

P(t)= AO + 2 AnC0S( ° n t )  + 2 BnSin (Ont)  
n*l n=1

( 4 .1 0 )

The force P(t) must have the form,

(4 .11)

Comparing Equation (4.10) to (4.11) only two terms remain in Eq.(4.9) when 

On=oj, and the terms Pc and Ps can be obtained as
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Pe = A n = ^ r j  ^  P ( l ) c o s ( u ) t ) d t (4.12)

P s = B n = - ^  P ( t) s 1 n (w t)d t (4 .13 )
u>

According to the equation (4.2),(4.8), and (4.9), the dynamic stiffness coefficients 

from the liftoff model should be:

The Kv(u>) and Cv(oo) values as function of frequency (oo) when Poisson’s ratio is

0.25 and embedment is 0.5 are plotted in Fig (4.15).Similarly, the coefficients for 

the horizontal and rocking motion varying with frequency (to) are illustrated in 

Fig(4.14) and Fig(4.l6). It can be seen that the values from the liftoff model are in 

good agreement with the values of Wolfs model.

Kv(w)=Pc (u>) (4.14)

Cv(w )=-P s(oj) (4.15)
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Chapter 5 

The Effects of Lift Off

The seismic response of most structures, including nuclear power plant 

structures is calculated neglecting the effects of liftoff. Therefore, it is important 

to investigate effects of neglecting liftoff when it occurs, a variation of parameter 

study is presented in this Chapter which determines the acceleration level required 

to cause liftoff, and the consequences of neglecting liftoff effects if liftoff occurs. The 

peak free field accelerations required to cause liftoff to occur is first investigated. 

The consequences of neglecting liftoff are investigated by generating floor response 

spectra for cases where liftoff is both included and neglected.

The param eters which effect this problem are: the depth of the structure's 

embedment; the SSI frequencies; the damping ratio of the interaction system; the 

position of the center of gravity of structure; and the m ass characteristics of the 

structure. These parameters are varied in the following Sections. The horizontal and 

vertical time histories m easured at Taiwan [30] are used as input to the models. 

These accelerations are scaled up to modify the severity of the input.

5.1 The Peak Acceleration Required to Cause Liftoff

The following nondimensional parameters are used to define the characteristics of 

the structure and the interaction process:

\  -e /R (5.1)

i  -Zo/R (5.2)

e * V p G  R2/Ms (5.3)

Y - G R / M s (5.4)

S « g r 3/ j s (5.5)
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where,

A - embedment of structure

£ - ratio for the height of structure center of gravity to the radius, 

e - the interaction damping ratio

R, Z 0 , e, V S) M s ,and Js have the same meaning as in Chapter 3 

The SSI frequencies related to these parameters are:

(5 .6 )

f e = ^ [
1 r 8  S

2 tt 3 ( 1 - jj) (5 .7 )

(5 .8 )

The interaction damping parameters become:

Ch = (2 _ ^ )e  (0 .68+ 0 .57 jA ) (1 +A) (5 .9 )

(5 .10 )

— 85  o ,
l r  = 3 ( T - p ) e ( U 1 '3A tA  } ( °  4+ 0  03A ) (5 .11 )

Cqv = ;. . (1 + 0 .54 A H 1 .85 + 0 .8 9 A )
( 1 - p ) e

(5 .12 )

Clv = , \  (1 + 0 .5 4 A )( 0 .3 2 -0 .0 0 1  A)
( 1 - p ) e

(5 .13 )
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The peak accelerations required to cause lift off are calculated in this section. 

The Ref. 30 input is used to calculate the response of the structure, and the peak 

acceleration scaled up until there is a tendency for a tensile stress to develop at the 

foundation/soil interface. Solutions are obtained as the above param eters are varied 

to determine the effect of the five nondimensional param eters on the acceleration 

required to cause  liftoff.

The effect of the SSI frequencies on the liftoff acceleration are presented in Figs.

5.1 through 5.12. There is only a slight dependence of the liftoff acceleration on the 

rocking frequency except when the rocking frequency is less than 3 cps. the liftoff 

acceleration increases sharply as the rocking SSI frequency decreases below 3 cps. 

The acceleration required to cause  lift off increases as  the vertical interaction 

frequency decreases. It follows that the tendency for lift off to occur increases with 

a stiffer horizontal interaction frequency and with a softer vertical interaction 

frequency.

The peak acceleration required to cause lift off vary with other three parameters 

of the interaction system. F ig.(5.1 3 ) to F ig .(5 .15) show the effect of these 

param eters on the peak acceleration required to cause liftoff. As would be expected, 

the accelerations decrease with the height (£) of the structure's center of gravity 

above the base; increase as the interaction damping (e) increases; and increase as 

the depth (X) of embedment of the structure increases.

5.2 Effects of Neglecting Lift Off

The effects of neglecting liftoff are evaluated by generating floor response spectra 

for c a se s  when liftoff is included and neglected. The structural and SSI 

characteristics used for these comparisons are:

Rocking frequency -  5 cps

Vertical frequency « 20 cps

Horizontal frequency -  13.5 cps

Rocking damping -  1 % (e = i o )
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Vertical damping 

Horizontal damping 

Embedment (e/R) 

Height of CG (h/R)

-  15.1%

-  2 1 .1%

-  1.0*R (A = 1.0)

-  1.0*R(£ = 1 0 )

From the results of ine previous section lift off will occur at a peak acceleration of 

(0 .23  G's) as shown in Fig. (5 .10 ). Comparisons are m ade for accelerogram s 

having peak amplitudes of 1 33, 1 67, and 2.00 times the accelerogram requ ired  

to cause liftoff. Two percent equipment damping is used to calculate the spectra in 

the horizontal , rocking, and vertical directions. Solutions are obtained including 

liftoff effects and neglecting liftoff effects. The results are presented by dividing the 

liftoff spectra by the no liftoff spectra, so that a ratio of unity indicates no liftoff 

effects. The results are shown on Figs. 5.16 through 5.18.

As shown in Fig (5.16) lift off has no effect on the horizontal spectra at the 

bottom of the foundation. This result is expected because the horizontal interaction 

param eters are not effected by foundation/base mat separation. Liftoff effects are 

significant for the horizontal spectra at the top of structure since this includes 

rocking effects. The effect is significant when the input data  is larger than 1.33 

times the acceleration required to cause liftoff. The spectra peaks when lift off is 

considered exceed the no liftoff spectra by factors of 1.5 and 3.2 for the input of 

1.67 and 2.00 times the lift off acceleration. It should also be noted that the liftoff 

spectra exceeds the no lift off spectra over a wide frequency range. This Frequency 

range (1 to 4 cps) is important for the seismic design of equipment and buildings. It 

can be concluded that it is important to consider liftoff for those problems where 

rocking motion is significant.

The effect of lift off on the vertical motion is shown in Fig (5 1 6 ). It can be seen 

that lift off has a significant effect for frequencies higher than 10 cps.
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Chapter 6

Basic Equations For The Continuum Mechanics Method

As described in Chapter 3, the discrete model embodies several assumptions 

which lead to questions regarding the reliability of the model. First, the effects of 

the structural motion on the free field is embodied in two m asses (M0 and M-|)

attached to the foundation through discrete dampers. Second, the param eters of the 

discrete model are developed by ’curve fitting’ the response of the model to that 

derived by more rigorous methods. Third, the assumption for the distribution of 

the discrete param eters over the foundation required for lift off calculation is some 

what arbitrary.

In this Chapter, an alternative method is developed which resolves these 

uncertainties. The foundation area is divided into segm ents and the interaction force 

histories acting on each segment are established as  the unknowns. The force time 

histories are divided into a series of pulses. At any time (t), the unknowns are the 

magnitudes of the pulses applied to each of segment. The response of the free field 

under the foundation is the free field input motion plus the local effects of the 

interaction forces. Unit pulse solutions are used a s  influence functions to 

represent the effect of the interaction pulses on the free field. The equations of 

motion of the structures are  used  to evaluated the structural response . 

Compatibility of displacem ents between the structure and free field develop the 

equations required to solve for the unknown pulses.

In section 6.1 several assumptions are made for the simplification of the system. 

The compatibility condition on the interface is established in section 6.2 . Section

6.3 gives the ground motion expression due to the interaction forces, and in section 

6.4, the general governing equations of the method are developed.

6.1 Assumptions 

The analysis is based on the following assumptions:

1) The structure and foundation is a rigid cylinder that is sitting on the surface 

of an elastic half space.
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the inter face

2) The base of foundation is divided into N strips as shown in Fig. 6.3. The 

vertical and horizontal forces at the center of each strip are established as the 

unknown variables for the problem.

FIG (6.3) THE FOUNDATION BASE DIVIDED INTO N STRIPS
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3) The pressures acting over each strip are constant during the time step A t^ . 

The force history of each node is .therefore, made by of a series of pulses, acting 

during a time step A t^  = j as shown in Fig. 6.4.

4) The free field motion at the interface is used as the input data. For each 

node (center of the strip), the value of the foundational motion is assum ed to be the 

input motion plus the effect of the pulses.

5) The foundation is "welded" to the soil for the non-liftoff condition.

Fig (6 .4 ) p resssure history at interface

6.2 Compatibility Condition on the Interface

At any time tfc, the deformation of the ground media under the foundation base 

must be identical to the motion of the foundation. The foundation base mat is divided 

into N segm ents (strips) a s  shown in Fig (6 .3 ). For a strip i, the width is Ax and 

the length is D^. If a node i is the point at the center of a strip i, the displacement of

the foundation at node i must be equal to the summation of the ground motion due to 

interaction forces plus the free field motion at the sam e node. The relationship of 

these displacements can be expressed as following:
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V g i ( t k ) + V fi( tk ) - V s l ( tk ) (6.1)

Ufl i ( tk ) + U fi( tk ) - U s i ( tk ) (6.2)

in which,

Vgj(tk) the vertical ground motion in node (strip) i at t-tk due to the

interaction forces.

Ugj(tk) ,he horizontal ground motion in node (strip) i at t-tk due to the

interaction forces. 

v siOk) structure vertical displacement in node i at t-tk

u si(,k) structure horizontal displacement in node i at t-tk

Vfj(tk) the vertical free field motion in node i at t-tk

Ufj(tk) the horizontal free field motion in node i at t-tk

Since the structure foundation base is assum ed to be rigid , the values VSj(tk).

and USj(tk) can be expressed as a function of the displacement at the center of

gravity of the structure in the vertical, horizontal and rocking directions as shown 

in Fig 6.5 and 6 .6 .
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FI6 (6 .5 )  v e r t i c a l  d i s p l a c e m e n t  FIG ( 6 .6 )  h o r i z o n t a l  d i s p l a c e m e n t

o f  s t r u c t u r e  o f  s t r u c t u r e

V s i W - w t t k H i  • * < t k>  <6 3 >

Us i ( t k ) = U ( t k ) - h  . $ ( t k ) (6 .4 )

in equation (6.3) and (6.4),

W(tk) the vertical displacement at center of gravity of structure.

Xj the distance from node i to center of base.

$ (tk) the rotation of rigid foundation at t - tk

U(tk) the horizontal displacement at center of gravity of the structure at t- tk 

h the height of the center of gravity for the structure

6.3 Ground Motion Due to The Interaction Forces 

Influence functions are developed in Chapter 7 giving the displacement in strip (i) 

due to a unit pulse applied to strip (j). For example, VPjj(tk-tm ) is the vertical

displacement of strip (i) at time (t|<) caused by a unit vertical pulse applied to
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strip (j) at time (tm ). The displacements of ground due to the interaction forces are 

equal to the summation of the displacement caused by the individual pulse effects, 

which can be expressed as follows:

N k N k

N k N k

in which,

Pjm the magnitude of an uniform vertical pulse acting on strip j during the time 

step A tm

Hjm the magnitude of an uniform horizontal pulse acting on strip j during the 

time step A tm

VPjj(tk-tm).UPij(tk-tm ) are vertical and horizontal displacem ents at surface of 

an elastic half space due to a vertical unit uniform pulse in a strip.

Vc ij(tk-tm ).Uc ij(tk -t m ) are vertical and horizontal displacem ents at surface of 

an elastic half space due to a horizontal unit uniform pulse in a strip.

6.4 General Governing Equations

Substituting equations 6.3 through 6.6 into the equations 6.1 and 6.2, the 

compatibility equations become:

1) Final compatibility equations
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N k N k

(6.7)

N k N k

= U (tk ) -  h 4>(tk )-U f i ( t k ) ( 6.0 )

2) Equilibrium Equations of Motion

Since there are 2N+3 unknowns [ Pjk , Hjk, (j«1 ,..,n), W,$,U] from Eq. (6.7)

to (6 .8),and only 2N equations, three additional equations are needed to complete the 

system. The remaining three equations come consideration of the equilibrium of all 

of forces in three directions (vertical,horizontal, and rocking). The resulting 

equations are:

N
(6 .9 )

N
( 6 . 10)

( 6 . 11 )

where,

M ,J the m ass and moment of inertia of the structure
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W, (J, ♦ three accelerations at center of gravity of the structure 

G acceleration constant of gravity

h the height of structure center of gravity

Equations (6.7) to (6 .11), represent 2 N+3 equations that can be solved for the 

2N+3 unknowns.

6.5 Lift Off Model

The structure foundation is assum ed to be "welded* to the ground until the 

structural accelerations becom e sufficiently large so that the pressures in some 

strips of foundation tend to be be tensile. The part of foundation with tensile forces 

will separate from the soil,or "lift off", since soil cannot carry tensile forces.

In order to evaluate the effect of lift off equations (6.9) through (6 .11) must be 

modified. The required modification is relatively simple. During the solution of 

equations (6.9) to (6.11), the terms needed to be changed is only the Pjm and Hjm. 

If lift off occurs, the pulse term Pjm must be less than the pressure due to the 

gravity of structure, and Hjm should be zero. After lift off the foundation will be 

back to contact with soil in whole area.
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Chapter 7

D isplacem ent Due To Uniform P u lses  In A Strip

As Shown in Fig 6.3, the foundation mat is divided into (N) strips to facilitate a 

numerical solution. The compatibility equations given in C hapter 6 require 

influence functions giving the displacem ents (horizontal and vertical ) in a strip 

due to unit pulses (horizontal and vertical) acting in another strip and at some 

given time after the pulse was applied. These influence functions are developed in 

This Chapter.

The solutions for the vertically applied pulses are developed from a solution 

obtained by Pekeris [6] in 1955, and the solution for the horizontally applied 

pulses are developed from the work of Chao [7] in 1960. In each case the solutions 

give the displacement at the surface of a  half space at a  time (t) after point pulse 

load is applied to the half space at a distance (r) from the point of interest (see Fig 

7.1). Each of these basic solutions are given in Appendix B.

The time detail of the load is first converted (in Section 7.1) from the step load 

form given in the Pekeris and Chao solution to the point pulse (i.e., unity between 

tm. i  and tm , and zero elsewhere) form required in this study. The effect of a unit 

point pulse is then (Section 7.2) integrated over the area of a strip (i) to obtain the 

displacement of any point in strip (j). Finally, an average displacement in strip (j) 

is obtained (Section 7.3) and this data is used in the compatibility equation of 

Chapter 6

7.1 Displacements Due to Point Pulse

1). Displacement Due to Unit Step load

As shown in Fig (7.1), points a and b are on the surface of an elastic half space, 

and the distances to the axis Z are r  ̂ and r respectively. If a unit vertical step load

is applied to point b at time (Utm ), the solution for the vertical displacement,Vp( 

r r1 .tk'tM)> and horizontal displacement, Up( r-r^ .V t ^ ) ,  at the surface was 

derived by Pekeris [6] in 1955.
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Similarly, from Chao's solution [7] in 1960, the horizontal and vertical 

displacement due to a unit horizontal step load are Uc ( r-r-| .V t^ )  and Uc ( 

r' r1 respectively. These two set of solutions are given in Appendix B1 and

B2.

s t o p  v o r t i c a l  lo a d  

s t e p  h o r i z o n t a l  lo a d

FIG(7.1) AN STEP LOAD APPLED ON AN ELASTIC HALF SPACE

2). The Definition of The Unit Point Pulse 

A unit point pulse is defined as a force of unit magnitude when t ^ . f  ^ t < t ^  and 

zero at other time. By using the Pekeris solution, the displacem ents (ground 

motion) due to a vertical point pulse acting on the elastic half space during a time 

step A t- tm-tm.i can be defined as  follows:

a) In the vertical direction

v fp < r-r1.tk-lM) - V  r-r, ,tk-tM.- |) - Vp( r-r, ,tk-tM) (7.1)

b) In the horizontal direction

UfP< r - r i , t k - tM ) - U p (  r-r, ,tk - tM. , )  - Up ( r-r, ,tk - tM ) (7.2)
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Similarly, by using Chao's solution, the displacements (ground motion) due to 

horizontal point pulse acting on the elastic half sp ace  during  a tim e  s te p  

A t= tm - t m_i can be obtained as:

a) In the vertical direction

Vfc ( r-r1 ,tk - tM ) - V c ( r-ri ) - Vc ( r-ri ,tk - t M ) (7.3)

b) In the horizontal direction 

u fC( r-r1 . V t M ) - U c ( r-r-j - Uc ( r-ri ,tk - tM ) (7.4)

in which,

V,P( r-r-| ,tk -tM) and Vfc ( r-r-) . V t ^ )  are the vertical displacem ent at the 

surface of an elastic half space caused by a unit point pulse during time step tm.^ to 

lm-

UfP( r-r-j ,tk-tM) and Ufc ( r-r^ ,V t|y |) are the horizontal displacem ent at the 

surface of an elastic half space caused by a unit point pulse during time step tm_i 

to tm .

7.2 Displacem ent a t Any Point (x-j.y^) in strip (j) Due to The Total Unit 

Uniform Pulse Acting on Strip (i)

The foundation is divided into N strips. The displacement at the interface of the 

ground caused  by the total pulse that is uniformly distributed over a strip (i) can 

be obtained as  follows:

a) When i is different from j
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v y x i . a ,  V 1 J * / A  C j  v r (|r- r ,i.tK-tm ) dx dy (7.5)

V V * , .«< V  J=IA C *  V? ( | r ' r >l' t " - t m ) dX ^  (7 7)

U V X V ‘ J = J A  C *  u ; ( l r - r j . t k - t m) dx dy (7 8) 

lr_r»l = / ( x - x  f  ♦ (y -y,)2

Fig ( 7.2> d is p la c e m e n t  a t  p o in t CXi ,Y j) in s t r ip  i due to

th e  p u lse  o v e r  s t r ip  j

b) When i is the same as j
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VU<X' ' y' V t -»)=f ’,1 J »  Vf’’(lr- r J't k-t m)llXdy (7.9)
- 0  - 2

U y (X' ' y ' ' t k ' l m K b / . |  tC( | r _ r l l' t » - t m > dX ^  (7-10)

VV X" y’ V?(lr- r J’t k- tm)dXdy (7.10
U'j(x1,« , . tk- , J = / k1> J.j Uj(lr-r lUk-tm) dX dy (712) 

lr_rJ = / ( x - x ^ 2 ♦ (y-y, ) 2

here.

VPjj(xi ,y i >s the vertical displacement of any point within strip i

caused  by the vertical unit uniform pulse over the strip j

U^ij(x1 -yi <VtM) is ,he horizontal displacem ent of any point within strip i 

caused by the vertical unit uniform pulse over the strip j

vCij(x1 >yi 4 k-tM) is ,he vertical displacem ent of any point within strip i 

caused by the horizontal unit uniform pulse over the strip j

u °ij(x1 -yi-Ik 'tM ) is the horizontal displacem ent of any point within strip i

caused by the horizontal unit uniform pulse over the strip j

The integration regions are shown on Fig 7.2 or Fig 7.3.In order to illustrate

how the displacements described above vary throughout the strip, som e values of 

those displacem ents are calculated and plotted. All results are based  on a unit 

uniform pulse applied during the time step ( t-0 .000-0 .002).
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y

Fig (7 .3 )  displacement at point (Xj ,Yj) in s tr ip  i 

due to the pulse over s tr ip  i

Figs. 7.4 and 7.5 illustrate the variation of the three displacements, VPjj,(Vc jj 

or UPjj), Uc jj, along the y direction, when the pulse is applied in its own strip. 

These displacements occur at the end of the point pulse (i.e., t-0.002 sec.). Figs.

7.6 and 7.7 illustrate the variation of the displacements with y caused by a unit 

uniform pulse acting in other strips. Again, the displacements are at t-0 .002 sec. 

The shapes  of these curves are similar. The peaK values of displacement are 

concentrated in the middle region of the strip. It can be seen that the peak values are 

much greater than the others along the y direction.

Fig 7.8 gives the three displacements varying along the width (x direction) of 

strip 1 when the unit uniform pulse is applied in strip 1. Similar to Fig 7.8, a 

displacement caused by an unit uniform pulse applied in strip 2 is shown in Fig 7.9. 

Since the width of a strip is relatively small, the values of displacements along the 

width are not so different.

In this dissertation the foundation base is only divided in one direction (x), and 

the displacement of a strip is computed by taking the average for the whole strip as 

determined in the following section.
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7.3 Average Displacement Over A Strip.

The average displacement over a strip due to a unit uniform pulse can be obtained 

by integrating the displacements from equations (7.5) to (7.12), and then dividing 

by the area of the strip.

a) in vertical direction

v y < V ' J  H H C J - j  V ‘ m) d x d !J (7 13)

= - H ! L  / ! |  v «  < - 1 - " > «  «•« < 7 ' 4)

b) in horizontal direction

U U( t k- ‘ J  <715)

U y ( t k ‘ t m> u 5 ( x 1- ! l i .  V t J d x d y ( 7 1 6 )

w here,

VPjj(tk-tm ) is the average vertical displacement of soil in strip i at t«tk-tm 

caused  by a vertical unit uniform pulse (Pjm*1) applied over strip j 

UPjj(tk-tm) is the average horizontal displacem ent of soil in strip i at

t-tk-tm  caused by a vertical unit uniform pulse acting over strip j

vCij(tk*tm) is ,he average vertical displacement of soil in strip i at t=tk-tm 

caused by a  horizontal unit uniform pulse (Pjm«1) acting over strip j 

Uc jj(tk-tm) <s the average horizontal displacement of soil in

strip i at t-tk-tm caused by a horizontal unit uniform pulse acting over strip j.
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The coefficients in equations (6.5) and (6 .6 ), VPjj(tk-tm ), u P i j ( tk ' tm) ,  

Vc jj(tk-tm). and Uc jj(t|<-tm) are the average displacem ents due to a unit uniform 

pulse applied to a strip.

The average displacement in strip i due to unit uniform pulse acting on a strip 

has been calculated and plotted in Figs. 7.10 to 7.18. Fig 7.10 through 7.14 show 

the displacement of a strip center varying along the X axis. Since the waves are 

mixed together the mixed wave shape is propagating from left edge (x-o) to the 

right edge (x-30) of the foundation base when time increases. It can be seen that 

the mixed wave shape travels rather fast so that the displacements vanish rapidly 

as the distance from the center of that strip to point of interest increases. Figs. 

7.15 to 7.18 illustrate the variations of displacement with time. It can be seen that 

displacem ents are concentrated in a small time region. Beyond this region, the 

values of displacement vanish.
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Chapter 8 

Numerical Techniques

8.1 Introduction

The numerical method used to solve the equations are developed in this Chapter. A 

Runge-Kutta fourth order integration method is used to solve the equations from 

(6.7) to (6.11). First two of these equations,(6.7)and (6 .8 ), are solved for the 

vertical and horizontal pulses that are applied in each strip in terms of the center 

gravity displacement and rotation of the foundation at time (t*t|<). Since uniform

pulses applied at times far removed from (t^) do not contribute to the deformation 

at (tfc) as described in Chapter 7, one only needs to consider the effects of forces 

applied near the time t-t|<. Therefore the problem becom es simple. Second, a 

com puter code for this method is developed. Finally in order to illustrate the 

sensitivity of the solution to equations (6.7) through (6.11) to variation in the 

width of strip A x.and time increment At, the pressures in a strip are computed. 

The results indicate that the pressure in a strip converges to a constant value when 

Ax and At become smaller.

8 .2  The Uniform Pulse In A Strip

It is of special interest to examine the terms in equations(6.7) to (6 .8) when 

m«k. Due to the finite time required for a disturbance to travel across the ground 

and according to the solutions of Pekeris and Chao, if i is not equal j, we know that,

Vp(o)=o; Vc (o)= U p(o)=o; Uc (o)=o 
’J »J ij 1j '  '

If we substitute above conditions into equations (6.7) and (6 .8 ) , and rewrite them 

as:
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P„ v(;< 0 ) *  H* V‘ <o>=W<tk ) - X , * U k )-V( j <tk )

N K - 1  « K - 1

( 8 0
j*1 m*1 j“ 1m*1

Pjk u- ( o ) + Hjk U.P (0 ) = u ( t k )-h <J>(tk )-U f i ( t k )

NK-1 NK-1

- 2  2 p (tk- t m >- 2  S^jm u,cj <tk-t rn) (Q-2)
j*1m=1 J j*1m«1 •*

( 1 * j )

If w e se t

Rv=W(tk )-x,<t>(th) - v „ ( t k )

NK-1 NK-1

- 2  2  < V t J -  2  2 Hjmvy ( tk - ‘ m) (8.3)

RH= U ( l k ) - h  <l>(tk ) - U f i ( t k )

NK-1 NK-1

- 2  2  u 5 (tk- t m)-  2  2 ^  u ' j( tk-tm) (8.4)
j»1m«1 * j*1m*1 J

( i * j )

and notice VCj^o)—UPjj(o) the equations (8 .1) and(8 .2) become

P jk VPjj(o) + Hik Vc jj(o) -  RV (8.5)

Pik Vc ii(o) + Hjk Uc jj(o) -  RH (8.6)

Solve for Pjk and Hjk>
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(8.7)

( 8 .8 )

in which, i-1 ,2 ,3  N; j-1 ,2 ,3  N (i-j)

Equations (8.7) and (8 .8) can then be used to compute the 

uniform pulse applied to each strip in the foundation. Since Pj|< and are 

functions of W,U and these two values must then be determined with equations 

(6.9) through (6.11) simultaneously.

8.3 Numerical Technique 

The Runge-Kutta fourth order integration method is used to solve the three second 

order differential equations (6.9) to (6.11) that were developed in Chapter 6 . 

Assuming the right hand of those equations are

( 8.1 1)

( 8 . 10)

(8.9)

yi =U; y i  =U;

y2 =$; &=♦

y3 =w; y3=W;
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The equations (7.9) to (7.11) can simply be written as

y'i=fi Ctk ,y, ,y2 ,y3 ) (8 . 12 )

If we set

y. = Qf ( tk ) (8.13)

=fi (tk ,yt ,y2,y3> (8.14)

the Runge-Kutta integration method formula must be

^ U ^ k . t ^ ' V 2 ^ * 2 0 ^ *  V  <8 15)

V,,i=(V l1<lV 2lV 2|V  'V (8I6>
w here,

° î1 'iJkl 'yk2'yk3  ̂ (8.17)

) <8 18)

‘V f <( tk * ^ - y k 1 * ^ 12.yk2* ^ i O’22* y 1(3 * J| 1-0<32 ) (8.19)

^ i 4 = f i ( t k + . yk, 0(1,2 , yk2 + «!22*  yk3+ ô 32 ) (8 .2 0 )
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e „  =Q,( tk )

e,2

(8 2 1 )

( 8 .22 )

(8 .23)

3 , 4  = Q ,  ( t k ♦  a t ) (8 .24)

in which,

At, time increment 

i-1 ,2 ,3 ; k -1 ,2 ,3 ,...k,

8.4 Computer Code

A computer program has been prepared to carry out the above analysis and a flow 

chart for this code is shown in Fig (8.1). In the beginning of this code,the 

d isp lacem en t VPjj(tk -tm ), V^jOk-tm J.or UPjj(tk -tm ), and Uc jj(tk -tm ) due to 

unit uniform pulse are computed and stored in the array PET(m,i,j),where i and j 

are the index number referring to the range between two segm ents i and j, and the 

index (m) refers to the number of time increments. A sufficient number of time 

steps are stored to reach the time when the values of those displacements can be 

neglected. An outline of the computer code scheme is described as following:

1) Set initial conditions 

When t-0  (k-1)
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ŷ  (o)=o 

(o)=o 

y,(o)=U(o)=o

y 2 (°)= v ( o) - g

y 3(o)=$(o)=o

2) Compute the uniform pulse, Pjm and Hjm,over the strip i at a special time step 

Atm.

3) Solving equations (8.15) through (8.24), the displacem ents yj(tk+-|) are 

obtained by m eans of the Runge-Kutta integration method.

4) Repeat over the procedures 2) and (3) until to end of the time.

8.5 Effect of Strip Width AX And Time Step At

This Section will give some results to illustrate the dependence of the solution on 

the strip width Ax end t i me  s t e p  At  . All results in this section are based on 

the soil structure interaction system that consists of a rigid cylinder and an elastic 

half space (soil ground). The structure with radius (R-20 ft) sits on the surface of 

the soil ground. The properties of the structure and soil are

weight of structure M- 1628 kips

shear modulus of soil G -980 ksf

soil density y s - 0.11 kef

Poisson’s ratio m-0 .25
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The time increment A t varies from 0.001 to 0.01 sec; and the width of strip 

Ax-2R/N varies from 8 to 0.4 ft. The earthquake motion described in Section 4.2 

is used as input. The pressures acting on different strips at a time t^—0.01 sec. are 

computed and illustrated in Fig (8.2) to (8.12).

It is follows that a value of N approaching 60 is required to have good data 

regarding the p ressu re  distribution under the foundation. Undoubtedly much 

smaller values of N could be used if the response of the structure was of primary 

interest rather than a detailed evaluation of the pressure distribution under the 

foundation. The results for the time increment lead to the conclusion that a value of 

A t-0.003 sec leads to good predictions of pressure.
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I set Initiol condition

increment lime t=t+at

read input data

read free field motion 
(acceleration xh xv )

compute disp.due to unit 
pulse and save in PET

no

solve pulse of a strip Pjk

l i f t  off occur 
set Pfc=- ^

no

= PRESSURE CAUSED BY THE WEIGHT

FIG ( 8 . 1 )  CO M PU TER CODE OF CONTINUUM M ECHANIC METHOD

calculate total force in 
the base P= -^P *

OF STRUCTURE

solve for 
•  •  •

u,u,u
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Chapter 9 

Numerical Reaulta

Numerical results are generated using the model developed in Chapter 7. The 

first set of solutions generate frequency dependent interaction coefficients a s  was 

done with the discrete model in Chapter 4. The objective of these results, discussed 

in section 9.1, is to demonstrate that this analysis give reliable results for the no 

liftoff case. The second set of solutions is based on comparison with the large scale 

SSI test [30]. The objective of these solutions,presented in section 9.2, are to 

compare the results obtained with this model with results obtained with the discrete 

model and with experimental data. The final set of solutions presented in section 

9.3, has the objective of assessing the effect of liftoff.

9.1 Study of Dynamic Stiffness Coefficient

Similar to the work presented in Chapter 4, the dynamic stiffness coefficients 

obtained by the methods of Chapter 7 are studied in this section. Liftoff effects are 

neglected for this solution since the analytical model is b ased  on a welded 

assum ption. As shown in Fig (9.1), a  rigid disc is resting on the surface of an 

elastic half space. The forcing function P(t) can be generated by this method in time 

domain if a vertical displacement U0 -cos(u>t) is imposed on the m ass M0 .

U.=cos(wt)

7‘~7 7

FIG (9.1) DISC N VERTICAL MOTION
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Similar to the Chapter 4, the frequency dependent dynamic stiffness coefficient 

Kv(to) and Cv(u>) can be obtained a s  follows

*Tf

The rocking coefficients Kr(w) and Cr(u )  can be obtained in a similar manner.

For the purpose of generating numerical results using the code described in the 

previous Chapter, the following properties of the structure and soil are used:

The dynamic stiffness coefficients Kr(u>),Cr(w ),K v(oj) and Cv(w ) varying

with dim ensionless frequency (w0=wR/cs) are illustrated in Fig (9.2) and (9.3).

As shown in the figures, the coefficients predicted by the continuum mechanic 

method neglecting lift off are in good agreement with that from Wolf’s model.

9.2 Comparison with Experimental Data.

The acceleration data measured in the large scale SSI test [30] are used to test

P(t)cos(u)t)dt (9.1)

P (t)s in M )d t (9.2)
u>

radius of disc R-10 ft

M0 -47  k .sec2/ftm ass of disc

m ass moment of inertia J0 -4712 k.ft sec2

shear modular of soil Gs -980 ksf

Poisson's ratio 

density of soil 

shear wave velocity

V -0.11 kef

Cs «535.61 ft/sec

m-0 .25
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the validity of the model. The dimension of the structure and the properties of the 

soil have been described in Chapter 4. The structure is at the surface of an elastic 

half space rather than embedded in the soil.

The acceleration spectra predicted by the discrete model developed in Chapter 3 

are used to compare with the results calculated by this second liftoff model.

1) No liftoff

When liftoff is neglected, the acceleration spectra computed from both the 

discrete liftoff model and the continuum mechanic method are illustrated in Fig 

(9.4) to (9.6). It may be seen that the results are in good agreement with that from 

these two models.

2) Liftoff occurs

Fig (9 .7) to (9 .9) shows the comparison of the results predicted by the discrete 

model and the continuum mechanic model when lift off occurs. When frequencies are 

less then 5 cps the results from both models are in good agreement with each other. 

The results from the discrete model are 10 to 20 percent higher than that from the 

second model in the higher frequency region. It might be that the discrete model can 

only represent the responses in the lower frequency region.

9.3 Effects of LiftOff

In order to study the influence of lift off on the soil structure interaction 

process, the pressures on the interface between soil and foundation are calculated . 

The input acceleration data are based on 1.0 and 2.0 times that m easured in the 

Taiwan Seism ic Experiment [30 ]. Since the soil cannot carry tensile force the 

pressure in the lift off portion must be less than the stress due to the gravity of 

structure. As shown in Fig (9 .10 ) and (9.1 1), liftoff will occur at a  peak acceleration 

of 0.15 G's. Fig (9.12) and (9.13) illustrate the variation of the pressure on the 

foundation base along the diameter for 1.0 and 2.0 times the input data respectively.

During the liftoff the s tre sse s  in the contact area of foundation and soil are 

increased
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Fig (9.14) and (9.15) illustrate the variation of the acceleration of structure 

during the lift off. By using of amplification of input data as 2.0, the accelerations 

are computed in time region (from 3.0 to 6.0 sec.) that lift off happened. It can be 

seen that the absolute values of peak acceleration are increased when liftoff effects 

are considered. However, the maximum negative vertical accelerations keep a 

constant value (G) that is the acceleration of gravity.

Solutions are obtained for peak accelerations of 1.0 ( 0.15G's) and 2.0 

(0.3G's) times the lift off acceleration. Two percent equipment damping spectra are 

obtained for the horizontal, vertical, and rocking motion. The results obtained 

including lift off are divided by the spectra obtained by neglecting the lift off. The 

results are shown in Fig (9.16) through Fig (9.18).

Similar to the results presented in Chapter 5, liftoff has no effect on the 

horizontal motion. However, liftoff has a great effect on the vertical and rocking 

motion. It should noticed that liftoff has a large effect in the frequency range (0.7 to 

4.0 cps) of the rocking spectra. This frequency range is important for earthquake 

design. For the vertical motion, lift off has a  important effect for frequencies 

greater than 5 cps.
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Chapter 10 

Conclusions and Suggestions

The effects of lift off on the soi-structure interaction process are represented in 

this d issertation. Two different lift off model .discrete model and continuum 

mechanic method, have been established here for analyzing the influence of lift off 

on SSI. The discrete model is modified from the Wolfs model. The vertical and 

moment interaction springs,dam pers and m asses from wolfs model are used to 

determine an equivalent foundation modulus acting over the entire foundation area. 

Two different distribution models,uniform and parabolic distribution, are developed 

to obtain that equivalent foundation modulus. During the response the pressure 

acting in distributed param eters are restricted to,compression and set equal to the 

weight of the structure bearing the pressure when the foundation separates from the 

soil. The foundation area is divided into several segm ents so that the force is 

evaluated in each segment. The magnitude approach of the interaction parameters is 

proportion to the contact area of the foundation. Since this discrete model include the 

additional m asses and damping that represent some behaviors of the soil, certain 

energy dissipation could be considered. Another lift off model is based on the 

continuum mechanic method. The foundation base is also divided into strips so that 

the influence functions due to a  unit uniform pulse can be established for each strip. 

The Pekeris and Chao's solutions are used obtained these influence functions. The 

compatibility equations and equilibrium equations of motion are derived to solve the 

pressure of each strip and response of the structure. During an earthquake, tensile 

pressure must be set zero .lift off occurring,since soil can not carry tensile stress.

The validity of the models is evaluated in two ways. The first one is to calculate 

the dynamic stiffness coefficient by use of the models developed in this dissertation, 

then to compare it with wolfs theoretical result. The second is to compare the 

predictions from both models with the m easured data from Simquake II and Taiwan 

earthquake test. The results predicted by the both lift off model are good agreement



1 1  5

with the m easured data. In discrete model, the parabolic param eter distribution 

manner gives more reasonable results than uniform one does.

According to the computation, Both of these two lift off models could be used in 

analysis SSI problem directly. The continuum mechanic method might give more 

accuracy results since this model can present the response in higher frequency 

region. However, the computing time of discrete model are much less than another 

model. Therefore in general earthquake engineering design for the building 

analysis, it is more convenient to use discrete model than continuum mechanic 

method. From the analysis, the lift off will occur when the ground peak acceleration 

are in range 0.1 to 0.5 cps. it is important to consider the effect of lift off on SSI 

specially for the structure like nuclear power plant. The peak acceleration required 

to lift off will increase with the depth of em bedm ent and material damping 

coefficient, and decrease with the height of the center of gravity of structure. 

During an earthquake, if lift off occurs, the vertical and rocking motion will be 

coupled each other. The vertical and rocking motion have a  great effect on the lift off. 

During lift off, the stress in part of foundation becom e zero since those parts of 

area  are separa ted  from soil. The p ressure  in rest of contact a rea  will be 

redistributed, and increased. It should be noticed that the base might be failed if the 

compression stress in the contact area are greater than the soil's strength.

Since one of the assumptions in continuum mechanic method is the rigid cylinder 

sitting on the surface of the roil ground, the embedment effect can not be considered 

in this model. It is hope that for the further research the structure should be 

modified as  a embedded cylinder. From the analysis in Chapter 6 , the base of the 

foundation seem s better to be divided in two directions for more accuracy results.
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APPENDIX A 

The Wilson 0 Method

In order  to s o l v e  eq u at ion s  A!

|M] {U) ♦ IC] (U) ♦ IK] {U} = (R) A1

at  t i m e  t + A t ,  the  equ a t io n s  are con s id e r e d  at  t i m e  t + 0 A t  

S i n c e  the  a c c e l e r a t i o n  in th i s  method  are a s s u m e d  to vary l in ea r ly  

during s t e p  A t ,  the  equat ion A1 e m ployed  i s

[Ml {U)g+ [C] {U}0 ♦ [K] {U)q = (R># A2

w h e r e ,

{ R } « = { R } ^ 0 ( { R } U M -{R} t  ) A3

I .S e t  i n i t i a l  cond i t ion  {U)0 , {U)0 , {U)0 

If t i m e  s t e p  i s  A t ,  0 = 1 . 4  the  p a r a m e t e r s  fo r  In tegra t ion  are

a _ _ 3 0 A t
# f R A t ! 2 ' 1_ BAt  ' 8 2 - 2 0 1  ' 3 = o ' 4 -

e5=^52. a = 1 - — , 8 7 = 4 t '  8. = ~
5 0  6 0 7 2 « 2

2.For each time step, solve equations A4 for {u)e 

[K] {U>9= (R)0 

in which,

|K] = [K) ♦ a. [M] ♦ a, [cl A5

A4
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{R}g = {R}^ 8( {R}u m  -{R}t ) +[M]( o0<U>t + «2(U)t ♦ 2{U)t )

♦ [Cl( «i{U)t ♦ 2{U)^ + a3{U}t ) A6

3. Calculate displacements,velocities, and accelerations at time t+At

\< U ), A7

(|j ) . . 4 .= (u )( * » 7 ({ ij)u i , ‘  ( i j) ,)  A8
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APPENDIX B

1) P e k e r i s  So lu t io n

I. Vertical Displacement Due to a Vertical Step Load

” " 1 7 ^  ' V=^

V , ( t )  = Vf ( I r - r . ^ - t , , )

=0 ( t  < X  >

I „  0  J3S*5 J3B-5•|6~ ,T— --------------- _  - V  —  ] ( - g - < t < i )
32-iTMlr-rJ Jt * - | / 4  U +£ -  t «

4  ̂ 4 4

) ( 1 < t  <v)
1 6 irN |r - rJ

=--------------------------------------------    ( t  > V)
0'ifM |r-r1|

2. Horizontal Displacement Due to a Vertical Step Load 

Up ( t ^ U ^ r - r ^ t k - t J

( t <  1T )

=1 6 ^ i i r - r t| >Hl-(12J5 -20)k2,kl

+(6+4£)II[( 12jj+20)k2,k)]> ( - ^ -  < t  < 1)

=16^FM| rk_ ri| {6 l(k)-ii(8k ,kM 6 -4 jJ )iil-( i2 J3 -2 0 )k  ,k]

*(6*4J3)II[( 12 jj*20)k ,k)]} (1 < t  < Y)
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=T e P i l i F ^ {6I<k)' II(8k2,k)* (6' 4 ^ )III-( 12 ̂ ' 2 0 ) k Z , k l

+(6*4J3)IIl( 12iJ+20)k2,k)]} ♦ — r-^-r==  ( t  > V)8 i rp |r - r1j j t _Y2

where,

csJ J  shear wove velocity 

r =Jx2+y2 - r i =Jx2 +y2

2) Chao 's  S o lu t io n

1. Horizontal displacement due to a Horizontal Step Load

I f  t r f V  W  # p2= (3 -H )/4 , V2=(3+J5)/4
I r  - r, |

Uc ( t )  = Uc ( |r - r t |,tk - t m)

=0 ( t < ^ )

t f   3 f f  ,  J 3 g - 5 j2  1
I -  » r V -  _  + 1 ( - S -  <"C< D

ifM lr-rJ  B j t * - l / 4  8 | i . * E - t . 0J ^ T S T X  *

— I f — [ 1  —
i r p l r - r j l  2  8

3JJ+5J2 j ( 1 < t  <V)

__ i ( t  > v)
2Trp|r-rl|

2. Vertical Displacement Due to a Horizontal Step Load 

Vc ( t )  = Up(t )
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