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SUMMARY

The objective of this paper is to present a proposal where design
values of buildings are estimated by taking into account the dynamic soil
-structure interaction produced during earthgquakes. The building structure
is represented by the mass-spring system having swaying and rocking springs
and dashpots located at the foundation. The subsoil layers are transformed
to the uniform medium with an equivalent shear wave velocity and Poisson's
ratio. This is applied to the reinforced concrete and steel framed
reinforced concrete apartment houses. The numerical results indicate the
reasonable feature of the soil-structure interaction effect.

INTRODUCTION

In Japan, along with efficient uses of the land, buildings have been
constructed on rather soft unstable soils. For that reason, it becomes all
the more necessary to evaluate the seismic design for the building, taking
into consideration the characteristics of the soft-soil ground motion and the
soil-pile-structure interactions. Taking into account these aspects above,
we carried out this research for apartment houses of HUDC while considering
dynamic soil-structure interaction effects theoretically, analytically and
experimentally. The main purpose was to set up the standards for evaluating
seismic inputs for design in order to obtain more rational structures.

This paper presents a proposal where seismic design values of apartment
houses are estimated by taking into account the soil-sturucture interaction
and an example of numerical results obtained by applying the proposal to a
real building.

MODELING OF BUILDING AND DESIGN PROCEDURE

The building structure is represented by the mass-spring system having
swaying and rocking and dashpots located at the foundation as seen in Fig.l.

modeling swaying spring
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(a)Bullding,Foundation and Soil (b)Svaying-Rocking Model (SR model)
Fig.l Interaction System Model
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At that time, the subsoil layers are transformed to the uniform medium
with an equivalent shear wave velocity and Poisson's ratio. Design procedure
in the proposal is shown in Fig.2.
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EVALUTION OF SPRING CONSTANTS
The static swaying and rocking spring constants of the soil, Ks,Kr
are calculated according to the following equations:
Ks = us-{ rKs + gKs + »Ks ) R Kr = zp+( fKr + eKr + sKr ) (@D]

where, Ks, Krare coefficients for modification regarding cumulation of swaying
and rocking constants of the soil and the pile. rKs, gKg are calculated
according to the equations below:

Ks ={ 8/¢ 2=v N (re/ 8V sy ke =[8 /(3 (1-voJ(ra/E8)VE o2

where, ¥ e ,ve, § and Ve are, respectively, effective unit of the soil,
effective Poisson's ratio of the soil, acceleration of gravity and shear
wave velocity of the soil. rg,rg are effective radii of the foundation
swaying and rocking motions, respectively. ¥ s,pr are coefficients for
modification of the effective radii and calculated according to the
equations below:

4
rs=vs.JA[ = ,rn=Wn'}4Ilﬁ, » s =0.05 (LogA+1. 0)+0.95 , ¥r=1.0 37

where, 2 is ratio between the length and the width of the building
(=2c¢/(2b)). 2c is the width of the building perpendicular to the direction
of wvibration and 2b is the width of the building of the direction of

(2)

vibration. EXs,eKr are swaying and rocking spring constants of the embedded
part of the foundation and calculated according to the equations below:
=Ks= rKs+(Go/ G. )+(cH/ rs) Kg=2.5Kg - (Go/ G ){zH/ rr) (4)

where, Go ,Ge are the average shear rigidity at-the soil touching the side
wall,and effective shear coefficients of the soil. Go/Ge = 1,gH is the depth
of the base foundation (bottom of the base beam) from the ground surface.
However, when compression/settlement of the soil is expected, the settlement
shall be subtracted. pKs,pKr are swaying and rocking spring constants of
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the pile and caluclated accoding to the equations below:
oKs =ao "N, * kg y pKR=§nka;yiz (5)

where, j is the serial number of the pile and YJ is the distance between the
center line of the foundation and the center of the j-th pile. ap,the
reduction coefficient of the swaying constant of piles due to the group-pile
effects, is calculated according to the following equations:

ay =exp {~ (@or/M1— I+ap2y Nz~ 1)} . dp]:O,S_/\/S!/B ’ dp1=0.3/\/52/8 (63

where, S1 is the interval of piles in the vibration direction, Szis interval
of piles perpendicular to the direction of vibration, B is the diameter of
the pile and N, is the total number of piles (Fig.3). pks is the swaying
spring constant of a single pile and in case pile~-head is fixed, it is
calculated as follows:

sks = 4 B, - 1, - 83 » ﬂ,=:/kn-s/(4~a,.-rp) M

where,Ep is Young's modulus of the pile. Ip is the 2nd inertial moment of
the pile and k, is horizontal reaction of the soil. »kyi is the spring
constant of the j-th single pile in the vertical direction and calculated
according to the equation below:

pk,\.,'zq.Ap.Ep/‘Q (8)
where, Ap is the net area of the cross section of the pile, 9 is the length
of the pile and a 1is the coefficient for each kind of pile. In case of a
supported pile which is reinfoced concrete pile in site, it is caluclated as
follows:

a=0.022({/B)-0.0656
where, t s,px are caluclated as follows:

/L(S"(‘i‘—ds)"s*' ofs'® » Uas=1.0 10

where, as is the ratioc between the swaying spring constants of the pile and
the total of swaying spring constants of the soil and pile and calculated as
follows:

ofs =pKs/ (ks +eKs +pKs) 1

(%)

The natural period of, the interaction-system is calculated by the use
0of weight of each storey, spring constants, weight of the foundation and
static soil swaying and rocking spring constants calculated in that step.
The dynamic swaying and rocking spring constants of the soil, E3 ,EE are
respectively calculated according to the following equations:

Ks = 215 - (7RS + 2Ks +pKs) , Ra=ow- (e +Kn+pRn)
Ks=ps, gr =gr (=1. 0) . FKs =sds Ks , ERs~ sds-eKs (123
pRs =pds-pKs , FRR=sda-rKn , *Ra=sda-ekn , K= pda-pKr

where, sds spds,sdp,pdr are the ratio of dynamic rigidity reduction and
calculated as follows:

sdr=(1-0.05-Qor)*; Qor<10 , sda=0.25 : QoRZ10 a3
sds=pds =pdr=1.0

where,d0Rr is a non-dimensional frequency regarding the rocking spring and
equal to Q-TrA/Ve. Q is the 1st natural circular frequency of the
interaction system based on the static spring constant(=g9 /Ty ). The j—th
natural period ( Ty) and the mode of the interaction system is calculated by
the use of weight of each storey, spring constants, weight of the foundation,
and dynamic swaying and rocking spring constants.

EVALUATION OF DAMPING FACTOR

The damping factor of the j-th mode (heq,j) for calculating the response
storey base shear coefficient(gCj), is calculated by the following equation:

heq,j= a¥j-80 +.57s,j -shs +.3TR,j -shr+ prs.j -phs +pTR,j 'ph;l 14)

where, the damping factor of each part is weighted according to the strain
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energy. ¢ is the ratio between the associated strain energy and the whole
strain energy of the vibration system at the j—th vibration mode. sh is the
damping coefficient of the building and is normally 0.02. sh%,sHr are
damping coefficients of the soil for the swaying spring and rocking spring,
respectively, modified according to the layered soil and calculated as
follows:

sh's=s8s-sEssxs-shs + shr , shi=s3r-sEr*sXr-shr + shi (15)
where, & 1is the coefficient for modification of the damping of the soil due
to the layered soil. £ is the coefficient for modification of the soil due

to the embedment of the foundation. .x is the coefficient for modification of
the soil due to the opening of the foundation and h 1is the damping
coefficient of the half-space elastic soil replaced with the -equivalent.
shy is the constant of visco-damping of the soil’ and is normally 0.03.
s8s,»s8r are coefficients for modification of the swaying spring and rocking
spring of the soil, respectively, due to the embedment of the foundation and
calculated as follows:

s8s= { 04(Vez/Ve1-1)*+0.36 }/{(Ver/Ver1 -1)*+0.36 } $ Qos<cQos
s5s =1~ (1.2gQ0s - 835 )- 03 (Ver/Ver-11)/ (1.2 gQos ~cQos){(Vez/Ver1-1)*+0361)
icQos<Qossizgqos  (16)
s85=1.0 112gQos<Q0s , s5r=0.05 ;QoR<cQor.
s8r=005 +095(Qor~cQor )/(1.8gQor ~cQ0r) 3¢Qor<QoRS18gQ0R | s8R=10 ;185Q0r<ASR
where,

cQos=gQos (1-18 VevVeiD) » cQor=18gQor(1-2.8YVev'Verr1) a”n
Q3s=T1-rs/Ve, Qor-Tire/ Ve » 3Qos=7ls/(2He) , gQor=TcTw/(2He)

W is the 1st natural circular frequency of the interaction system based on
the dynamic soil spring constant and He is the thickness of the equivalent

two layered soil's 1st layer. ses, SER, SksS, SKR are calculated
,respectively, as follows:
s€s=1.0+ (Go/Ge)-(eH/Ts) , sEr=10 , sxs={1-A/28) , sxr=1.0 (18)

where, A' is area of the opening at the foundation and A is the area of
the foundation (=2b*2¢). ghs,shr are calculated respectively as follows:

—~ 3 —_~—
shs= 0.30 ,Sf} y she= 04 -Qok ; Qor<1 a9
shr = 0.15-Qor - 0.05 ; 1SQx <5 , shg = 0.70 ; Qor>5

The damping coefficients of pile for the rocking spring, respectively,
modified to the layered soil, phl, phk are calculated as follows:
phs= pds- phs +phy phk =p &-phar +phx 20>

)
where, phs ,phgp are respectively the damping coefficients for the swaying
and rocking of pile located at the equivalent half-space elastic soil and are
normary 0.03. phy is damping coefficient due to the visco-damping of the pile
and is normally 0. p8&s ,pS8r are coefficients for modification of the damping
coefficient of the pile for the swaying and rocking due to the layered soil
is 1, except in the case of special investigations.

RESPONSE STOREY SHEAR FORCE COEFFICIENT FOR DESIGN

Th? response storey shear force coefficient for the design for the i-th
storey is calculated as follows:

zcz-z-ln-RzﬁT)-qb;-Co 21)

where, Z ,Rt{( T;) , Co are seismic hazard zonong coefficient, vibration
prope{ty at the 1st natural period ¢ T] ), standard layer shear force
coeff}c§ent as given in the Building Standards Act, respectively. ¢ 1 is the
coefficient at the i-th storey showing the vertical distribution of the
response storey shear force coefficient(= ¢'i/¢5). A1 is the coefficient for

ﬁofification of the spectrum at the lst natural period and calculated as
ollows:
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11=1—{1-2.25/(1.75*10h¢qﬂ)}’t' 3 heq.1 > 005 22)
1121+ {1.5/7(10+10heq.1) ~ 1 § - £, 3 hequ<o0.05 ¢

where, t1 is unity in the usual range of the natural period (?1) and is
calculated by the use of T in accordance with the equations below:

ti- 0 i =005, W2 100, ti=(%4T +1.30)/03 0.05<TV< 0.1

P ~ i
1= 1.0 :01<Ti<2s y b= (1-55T)) /06 ; 25<Ti<i00
wvhere, @i is the storeyed shear force coefficient for calculating at the
i-th storey of the building and is calculated as follows:

% %E‘i(wm T8 tUmit Ay - Rz(TJ))Jz/ng

pos =i (24)
where, BN is the total number of storeys above the foundation and Wm is the
weight of the m-th storey. I]j-Umj is j-th participation function of the
m-th storey. A J is the coefficient for spectrum modification due to damping
at the ’i—th natural period and is calculated similarly by the equations for
At. Ry(Tj) is the design spectrum coefficient at the j-th natural period (?})
as given in the Building Standerd Act. k is the highest mode number to be
considered to be more than 2. However, when the base shear force coefficient
of the 1st storey falls below the base shear force coefficient z.Rt.co given
in the Building Standard Act, its lower limit is 75% of Z.Rt-Co, and the

response storey shear force coefficient for each storey is modified at the
same rate.

EXAMPLE OF APPLICATION FOR PROPOSAL

Various types of apartment house founded on different grounds are
analysed by following this procedure. The building has fourteen stories
and are made of reinforced concrete(Figs 4 and 5). The underlying ground
consists mainly of silty soil down to depth 18m from the ground surface

(Fig.6). The constants of the soil are shown in Table.l. The building is
supported by reinforced concrete piles, 21m in length placed 'in site. The
diameter of the piles is from 1.6m to 1.9m. The constants for analysis are
shown in Table.l. In Table.1, Ki is the spring constant of each storey of

the building and Ks, Ry are dynamic s0il spring constants of the swaying and
the rocking, respectively. The design storey shear force coefficients in a
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longitudinal direction of the building evaluated by this proposal is shown
in Fig7. It is less than that required by the code owing to the effect

of soil-structure interaction.

CONCLUDING REMARKS

A proposal where seismic design values of apartment houses are.estimated
by taking into account the soil-structure interaction is presented.
The numerical results obtained by applying the proposal to real buildings
indicate the reasonable features of the soil-structure interaction effect.
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