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Soil-structure interaction effect on active control of
multi-story buildings under earthquake loads
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Abstract. A direct output feedback control scheme was recently proposed by the authors for single-
story building structures resting on flexible soil body. In this paper, the control scheme is extended to
mitigate the seismic responses of multi-story buildings. Soil-structure interaction is taken into account in
two parts: input at the soil-structure interface/foundation and control algorithm. The former reflects the
effect on ground motions and is monitored in real time with accelerometers at foundation. The latter
includes the effect on the dynamic characteristics of structures, which is formulated by modifying the
classical linear quadratic regulator based on the fundamental mode shape of the soil-structure system.
Numerical results on the study of a %-scale three-story structure, supported by a viscoelastic half-space of
soil mass, have demonstrated that the proposed algorithm is robust and very effective in suppressing the
earthquake-induced vibration in building structures even supported on a flexible soil mass. Parametric
studies are performed to understand how soil damping and flexibility affect the effectiveness of active
tendon control. The selection of weighting matrix and effect of soil property uncertainty are investigated
in detail for practical applications.

Key words: active control; soil-structure interaction; state feedback gain; output feedback gain; soil
parameter uncertainty; seismic effectiveness; robustness and sensitivity.

1. Introduction

Extensive study on active control of structures has led to actual implementations in several dozens
of civil engineering structures throughout the world (Wu 1995). Nearly all control systems were
designed for structures on rigid bases. In practice, however, many civil structures are supported on
footings that rest on flexible soil masses. How the soil flexibility affects the performance of control
algorithms is a puzzling question in the mind of engineers.

Recent studies in active structural control considering soil-structure interaction have been developed
in two directions. One is to consider soil and foundation as part of an augmented soil-structure
system (Cheng and Suthiwong 1996) and the other is to simplify the soil-structure system into a
reduced-order structure of modified parameters by neglecting the inertia effect of the foundation
component (Luco 1998, Smitkt al 1994). The optimal closed-loop control algorithms are then
applied into the augmented or simplified system. To implement a control concept in a structure,

T Assistant Professor
1 Ph.D. Candiadate
1t Curators’ Professor



518 Genda Chen, Chaogiang Chen and Franklin Y. Cheng

both sensors and actuators have to be installed physically in the structures. Therefore, in the first
approach, the so-called observer technique has to be used and the dynamic responses of the soil
body are estimated based on those measured on structures. From the mathematical point of view,
the responses of a building structure under earthquake loadings can be uniquely determined without
explicit modeling of the soil body if the complete motion at the soil-structure interface can be
monitored in real time. Therefore it is not necessary to explicitly include the soil mass in an
analytical model for the study of active structural control with surface foundation. In the second
approach, negligence of the foundation mass in the development of control algorithms sometime
leads to a considerable degradation of the algorithm performance in reducing the responses of the
soil-structure system (Chezt al 1999).

The objective of this paper is to study how soil damping and flexibility affect the performance of
active control systems, to understand how robust active control systems are in terms of soil
parameter uncertainties, and to develop a practical control scheme for multi-story building structures
resting on a viscoelastic half space of soil mass. Soil-structure interaction (SSI) is taken into account
in two parts: input at foundation and control algorithm. The former reflects the SSI effect on ground
motions, which will be determined in real time. The latter includes the interaction effect on the
dynamic characteristics of structures and is derived below.

2. Optimal feedback control of soil-structure systems

Consider an-story building structure resting on a half space of homogeneous soil deposits as
shown in Fig. 1. The structure is a viscously-damped, linear system and the soil body is a viscoelastic
system.

2.1. Soil modeling

The effect of a viscoelastic soil mass on the vibration of the building structure in one direction
can be characterized by two sets of springs and dashpots at the foundation, one for translational and
the other for rotational movement. The foundation vibrations associated with the translational and
rotational movement are referred to as lateral and rocking modes. The coupling effect between two
modes is insignificant and thus neglected in this study (Veletsos and Wei 1971).

Consider a rectangular foundation of lengtha?ong the ground motion and widtlB.2VhenB/L
=>0.4, the stiffness and damping constants of the soil mass can be expressed into (Dobry and
Gazetas 1986)
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for rocking mode. Herek, «f and ¢, @) are the dimensionless stiffness and damping coefficients
for lateral mode of vibration andsg ) and C, @) are those for rocking mode. Both sets of
coefficients can be determined from Figs. 6, 7, 10 and 13 in the paper by Dobry and Gazetas
(1986). The soil parametefs, v, ps and Vs denote the hysteretic damping, Poisson’s ratio, density
and velocity of the shear wave, respectively. The quaatity the vibration frequency of the soil-
structure system, which is approximately taken to be the fundamental frequency of building
structure in this study.

2.2. Equation of motion of soil-structure system

When an active tendon control mechanism with 4 cables is implemented between the first floor
and foundation of the building shown in Fig. 1, the equation of motion of the soil-structure system
can be expressed in the vector-matrix form

MX(t)+CX(t)+KX(t)=—MEX'g(t)+Du(t) (5)
in whichM=diag ¢y, mp, --- m,, J + i Ji, my) and

|k +k,

sym.
—K, Kotk
0 K,
: : Kn-1+K,
K=l 0 0o - -k k

n n

k2|2_k1|1 k3|3_k2|2 knln_kn-lln-l _knln ke"‘ Z kili2

_kl O O 0 klll ky+k:|;

are the mass and stiffness matrices of the soil-structure systen? afiegrees of freedom. The
damping matrixC is identical toK except that alk's are replaced witlke’s. Herel; = hi—hi; (i =2, 3,

..., ) andl;=h;. The structural parametens, ki andc represent the mass at tile floor, interval
stiffness and damping in thth story of the building. The quantities and J; are respectively the

mass and moment of inertia of footinfj.denotes the moment of inertia of thk floor about its
principal axis through the center of gravity. is the height of theth floor measuring from the
footing foundationE=(1 1... 1 0 1] andD=4 k. cosx (-1 0... 0 h; 1)" are two (+2)-dimensional
vectors describing the location of effective earthquake load and control force. The guanditids

a denote, respectively, the tendon stiffness and inclination angle of the tendon with respect to
foundation. The time-varying functiau(t) represents the control displacement in the tendon, which

is referred to as control “force” in the rest of paperx; X ... X, & y;) is a displacement vector of

n+2 dimension. Each denotes the displacement of the building and foundation relative to the free
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Fig. 1 Schematic of soil-structure system
field motion of earthquake.
2.3. State feedback control

In the state space, Eq. (5) can be written into

Z(t)=AZ(t)+Bu(t)+Hxy(t) (6)
where
oX(t) O 00 [ 0o O
Z()=g,, O A= O_l '_1 , B=0 , OandH=0 _QO
oX(t) O -M K =M 'C M~ DO EO

The performance index (PI) for control of building responses in this study is described by
3=[1 127 ()QZ()+ Bryu*(B)] dt -

in which Q is a 2(+2)x2(n+2) dimensional weighting matrix. The coefficigBtdetermines the
relative importance of control effectiveness (response reduction) and economy (control force
requirements)3 = o represents the uncontrolled case. The quantity the terminal time which
covers the entire duration of strong earthquake motion. Following the standard optimization
procedure (Soong 1990), the closed-loop control force to minimize the Pl in Eq. (7) can be
expressed into
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1

_ — T
u(t)=GZ(t)= _213le PZ(t) (8)
in which P is a Riccati matrix, satisfying the following matrix Riccati equation
PA-—= PBB'P+A'P+2Q=0 9)
2k,

3. Proposed output feedback control

The control force in state feedback control, described by Eq. (8), is a function of the displacement
and velocity at foundation with respect to the free field motion of earthquake. Unfortunately this
information is not available in practical applications of structural control. What can be obtained in
real time is the absolute acceleration at footing foundation. Three accelerometers are considered to
be attached to the top surface of the foundation as schematically shown in Fig. 1. One is located at
the center of foundation to measure the horizontal acceleration. The other two are installed at two
sides of the foundation to measure vertical accelerations from which the rocking acceleration of the
foundation can be determined in real time. In what follows, an output feedback law is proposed
using the measurable acceleration responses at the foundation and the state responses of the
building.

The control force described by Eqg. (8) can be expanded into

u(t)=G,, IX()+G,, DX (1)+G, DX (1)+G;, DX((t) (10)

in which Xq(t) andX(t) represent the displacements of structure and footing, respechéy; and
X¢(t) are the corresponding velocities relative to the free field motion. By substituting Eq. (10) into
Eqg. (5), the equations of motion of footing can be expressed into

T X (1) ==T,Xa(t) =T Xe(t) =T, Xs(t) = TsX4(t) (12)

where )'(al(t):[éf(t)>'/f(t)+>'<g(t)]T denotes the absolute acceleration of footing. The matri¢ied,
2, 3, 4, 5) are given in the Appendix. Solvikgt) from Eg. (11) and introducing it into Eq. (10)
leads to

U(t)=(G, =G, Ty Te)Xs(1)+(G, =G, T1 T)Xs(t)=G, T T, Xa(t)+(G, =G, T, "To)Xs (12)

It is well known that SSI tends to reduce the natural frequencies of a soil-structure system. As a
result, the contribution of the fundamental mode to the total responses of the system usually
increases as the soil medium gets more flexible. It is therefore reasonable to approximately estimate
the foundation velocity from those of the structure by using the first mode shapg, detote the
mode vector of the first mode of the uncontrolled soil-structure system. The velocity response of the
system can thus be approximately expressed into

X(t) = @,q;(1) (13)
Pre-multiplying d)IM on both sides of Eq. (13) leads to
D MX (t
0u(t) = M2 (14)

OIM O,
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Both @, and X(t) can be partitioned into structure and foundation parts:

0P:s0 , Xs(t) O
@,=0 “0 and X(0=0. " (15)
0P 0 OX¢(t) O
The velocity response of footing can then be determined by
. @, MX (1)
Xi(t) = @10y (1) = Py DW (16)

or
1
0 @, oM - '
1 _ DTl ¢lf¢ISMSxS(t):I'XS(t) @an

Xf(t) =
MO0 OMP, [

In the equation abovd; is a transformation matrix that is introduced to estimate the velocity
response of footingMs and M; are the mass matrices of the building and foundation. Both are
submatrices oM.

By substituting Eqg. (17) into Eqg. (12), the control force can directly be calculated from the
measurable accelerations at footing and state responses of the structure using

U(1)=G; Xs(t)+G,Xs(t) +G5Xa(t) (18)

in which G,=G, -G, T1'Ts, G,=G,~G, T;'T,+(G,~G, T,'To)l andG,=—G, T;'T, . Eq. (18)
is the output feedback control algorithm proposed in this paper.

4. SSI effect on active control efficiency

Previous studies in structural control were focused on reducing the peak responses of structures
fixed at base. How the soil flexibility affects the performance of active control is of practical
interest but not yet addressed. Limited studies by Luco (1998) and $mih (1994) only
conducted parametric analyses in the frequency domain. In addition, the variation in soil properties
and the uncertainty involved in the measurement of these parameters are significantly larger than
those of building structures. Sensitivity of a control algorithm to the uncertainty of soil parameters
needs to be studied before the algorithm can be applied into practice. In what follows, practical
issues such as the selection of the weighting matrix and the effect of soil parameter uncertainty on
the performance of control designs as well as the effect of soil material damping and flexibility are
discussed.

To perform a parametric study, a Ys-scale three-story structure is used as an example. The steel
frame structure has a lumped mass of 593 kg, 590 kg and 576 kg, respectively, at the first, second
and third floor. It has the interval stiffness of 542, 2998 and 1298 kN/m, and a damping coefficient
of 0.271, 0.0693 and 0.121 kN.sec/m, correspondingly. The natural frequencies of the structure are
16.47, 56.60 and 109.7 rad/sec with corresponding modal damping ratios of 0.364, 0.354 and
0.267%. Three floors are respectively 1.016, 1.778 and 2.54 meters above & Q7 &2 m
rectangular footing. The foundation is made of 0.4572 m thick reinforced concrete. Therefore, the
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mass and moment of inertia of the footing are 130 kg and 25.Z.Kghe soil material filling the
half space below the foundation has a Possoin's ratio of 0.33 and density of 157 Tki¢/reoil-
structure system is subjected to the free field motion at ground surface. The NS component of the
El Centro, California earthquake of May 18, 1940 is used as ground acceleration with its magnitude
adjusted to a peak value of 0.98 mfsec
When the shear wave velocity in soil decreases from infinity to 25.4 m/sec, the dimensionless
factor @B/Vs, « is the fundamental frequency of the structure fixed at base) increases from 0 to
0.247. Correspondingly, the fundamental frequency of the uncontrolled soil-structure g/stem (
reduces by 35% and, the modal damping ratio increases almost 10 tindgs @dd5 and 15 times
for &= 0.10 as shown in Tables 1 to 3. It is noted that small values have been assigned to the soil
shear wave velocities due to the scale of the model structure.

4.1. Selection of weighting matrix

Three weighting matrices have been selected by Wu (1995) to minimize the potential, kinetic and
mechanical energy of a single-story frame structure. It was concluded that these matrices lead to
nearly the same performance of corresponding algorithms when the coefficientEq. (7)

correspondingly takes the valuergfro and 2, (ro is an arbitrary number).

Similar weighting matrices are considered herein. However, the purpose of installing an active

Table 1 Fundamental frequency of soil-structure systgm:0.05

w B Fundamental Frequency (rad/sec)
Vs B=1 B=10 B=700 B=c

0.000 20.18 17.50 16.49 16.47

0.124 17.65 15.39 14.40 14.37

0.247 12.23 11.21 10.67 10.63

Table 2 Damping ratio of soil-structure systefp= 0.05

w Damping Ratio (%)

Vs p=1 B=10 B=700 =00

0.000 66.47 29.07 3.93 0.36

0.124 33.61 19.93 3.32 1.50

0.247 10.62 10.08 3.85 3.50

Table 3 Damping ratio of soil-structure systefy= 0.10

w.B Damping Ratio (%)

Vs p=1 B=10 B=700 B =00
0.000 66.47 29.07 3.93 0.36
0.124 32.62 20.00 3.96 2.38
0.247 12.46 11.34 5.70 5.45
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control system is to reduce the structural deformat@t), in Fig. 1, instead of displagéjrient
Eq. (5). They are linearly related in the following way
% (D)=-y(t)-h 6()+x (1) (=1, 2, ....n) (19)
In matrix form, Eq. (19) can be written as
X(t)=S OX(t) (20)
where
1 0 O00OO0-h -1
S:O 1 DDO—hz—ll 1)
O 0000 oo
0 0 O 0O1-h,-1

Therefore three weighting matrices corresponding to potential, kinetic and mechanical energy are
respectively expressed into

Qp= {ST KsS 0} ,

i
QK{O 0} and Q=S KS 0 (22)
00

0S' M,S 0S"MS

in which Ks (a submatrix oK) is the stiffness matrix of the structure fixed at base.

The performance index, the maximum acceleration and the maximum displacement are
normalized by their corresponding quantities of the uncontrolled soil-structure systew)( They
are presented in Figs. 2 and 3 to illustrate the influence of weighting matrix on the control
effectiveness for two types of soil conditions. The three matrices in Eq. (22) are used, and their
effects are compared under the constraint of equal maximum control force. It can be seen that one
selection of weighting matrix does not lead to significantly more reduction of structural responses
than another. This observation is especially true for flexible soil conditions. For the rest ofQpaper,
is always used for this reason.

4.2. Effect of soil parameters

To show the effect of soil damping on the control efficiency, the drift time history in the first
story is plotted in Fig. 4 foés=0.05 and 0.10 at two levels of control force. It can be observed that
both responses have the same pitch at each level of control force. However, the maximum drift
decreases as soil damping increases regardless of the level of control force. This result agrees with
previous studies on the SSI effect on uncontrolled structures. To understand whether this result can
be generalized for cases of various soil flexibility, Tables 2 and 3 include the damping ratio of the
controlled soil-structure system. As one can see, the total damping of the soil-structure system
generally increases as soil damping changes from 0.05 to 0.10. The exception to this is the case
with =1 and wB/Vs=0.124, which indicates a large control force acted upon a structure
supported on a relatively-stiff soil mass. Under these circumstances, damping due to active control
constitutes a major portion of the total damping of the soil-structure system. An increase in soll
damping results in a reduction in total damping. Consequently, the drift in the first story is expected
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to slightly increase in this case.

Presented in Fig. 5 are the normalized performance index and the maximum acceleration and
displacement responses of the soil-structure system. They were computed under equal control force
and plotted as a function of the dimensionless faa@B/V;) to study the influence of soll
flexibility. It can be clearly seen that the performance index and structural response increase as soil
material softens. Specifically, the reduction in peak acceleration at the 2nd floor due to the active
tendon control decreases from 70% to 20% and that in peak displacement decreases from 85% to
30% when the dimensionaless factor increases from 0 to 0.247. This decrease indicates significant
degrading of the control effectiveness. The exception for the above trend is the footing
accelerations. The translational/horizontal acceleration nearly remains constant due to the dominance
of the free field motion. The rocking acceleration at the footing can be suppressed when the soil
material is not very stiff.

To further study the soil flexibility effect, time histories of the drift in the first story and the
accelerations at the 3rd floor and foundation are shown in Fig. 6 for very soft and stiff soil
conditions. One can see from this figure that, in addition to significant deviation in magnitude, the
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pitch of vibration also differs appreciably. This difference is attributable to the reduction in natural
frequency of the soil-structure system as the soil material becomes softer as evidenced from Table 1. It
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is worth noting that the horizontal acceleration at the footing does not change significantly and the
time history corresponding to a rigid base is the input to the soil-structure system.

Another way to evaluate the effectiveness of active control on a flexibly-based structure is to
compare the equivalent dynamic property of the controlled structure with those of the uncontrolled
structure as given in Tables 2 and 3. Wlen 0.05, the equivalent damping increases due to active
control from 0.36% to 66.47% for a rigid base while that only increases from 3.50% to 10.62% for
a flexible base (yB/Vs=0.247). This indicates the tremendous reduction in total damping of the
soil-structure system and thus results in less effective control on structural responses as discussed in
the preceding paragraph. Indeed, the total damping of the controlled soil-structure system
considerably decreases as the soil material is softening while the damping of the uncontrolled
system significantly increases. &= 700, the combined contribution of soil damping and active
control results in nearly-constant system damping for various soil flexibility. It is noted that the
fundamental frequency of the system increases as a result of control effort and decreases with the
softening of soil mass.
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4.3. Effect of soil parameter uncertainty

Uncertainties in the measurement of soil parameters are considerably larger than those associated
with structural properties. In order to develop a practical control scheme for soil-structure systems, a
proposed algorithm should be robust and insensitive to any unexpected uncertainty in the system
property. Consider a site with a dimensionless faa@B/{/s) ranging from 0.062 to 0.247. The
statistical average factor at the site is taken to be 1.24. A control algorithm can then be designed
based on the average value. To see how sensitive the so-designed algorithm is to the change of soil
flexibility, the performance index as well as the maximum acceleration and displacement of the soil-
structure system controlled with such an algorithm are respectively divided by those corresponding
to the average factor. The ratios of these responses are plotted as a function of the dimensionless
factor in Fig. 7 with various lines. For the sake of comparison, the same ratios calculated with a
control algorithm corresponding to the actual soil shear wave velocities are presented in Fig. 7 with
solid marks. It can be observed that the control algorithm is not very sensitive to the uncertainty in
soil flexibility as long as the actual soil property is in the neighborhood of the average value. The
horizontal acceleration at footing nearly remains constraint due to the dominant effect of the ground
motion as discussed before. The rotational acceleration and displacements at the footing
progressively deviate from those based on the actual soil property as the dimensionless factor
increases. They are more sensitive to the high&'Vs value. Therefore using a higherB/V;
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Q —PI o 3rd 1. S m
5 Control force - Footgng%later_al) K
2 ¥ 175 | ----- Footing(rocking) -
B 175 3 a
z 5 ;
Q G
e . = 125
S 3]
a £
5 1 2 075
o ‘
©
1’4
0.75 0.25 S
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
7.5
|
Foolihglateral)
ooting(latera ;
s | Footingirocking) 4
g 5.0 ;
%
s
5 Control design with w\B/V; =0124
2 55 . A m  Control design with corresponding ©,B/V,
2
0.0 . ‘
0.0 0.1 0.2 0.3

Fig. 7 Sensitivity of control algorithms to soil property uncertaidty: 0.05
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value to design the algorithm could slightly reduce the deviation. However, structural displacement
and acceleration seem insensitive to the uncertainty in soil parameters. It can thus be concluded that
the state feedback control is robust and effective in reducing the peak responses in building
structures even though strong soil-structure interaction exists.
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5. Seismic effectiveness of the proposed output control algorithm

The same example soil-structure system and earthquake input as used in Section 4 are considered
to demonstrate the control efficiency of the proposed algorithm. The drifts in the Ist story and the
absolute accelerations at the 3rd floor, calculated by using the state feedback (SF) and the proposed
output feedback (OF) algorithm, are compared in Fig. 8 under the same control force (peak value).
Fig. 8(a) clearly demonstrates that both drift and acceleration time histories using the OF algorithm
coincide with those using the SF algorithm at the level of 1.84 kN control force or about 11% of
the total structure weight. Therefore the proposed algorithm performs as well as the optimal control
algorithm under low control forces. Even at the higher level of control force in Fig. 8(b), the two
algorithms result in slightly-different drift and acceleration time histories only in magnitude. The
high accuracy of the proposed algorithm is achieved because the only approximation used in the
derivation of the OF algorithm is the velocity relation between the structure and foundation, Eq. (17).
This approximation mainly changes the damping of the soil-structure system. In addition, the
difference in acceleration is more significant than that in displacements of the controlled structure
since acceleration is affected more by the higher modes.

It is observed from Fig. 8(b) that the absolute acceleration at the 3rd floor is reduced more by
using the proposed OF algorithm. This reduction is likely caused by the non-optimality of the SF
control due to neglecting the external disturbance in the derivation of the closed-loop algorithms,
and the indirect control on acceleration in the performance index as implied by the weighting matrix
in Eg. (22). A closer look at the SF-controlled soil-structure system indicates that the fundamental
frequency of the system is 12.23 rad/sec as given in Table B=dt. It turns out that this
frequency is in the proximity of the dominant frequency of El Centro Earthquake. In addition, the
earthquake record reaches its maximum ground acceleration in a short period. The combination of
the nearly-resonant system and the rapidly-increasing disturbance leads to the worst performance of
the SF control (Chen 2000).

6. Conclusions

A simple soil model is used to investigate the effect of soil damping and flexibility on the seismic
effectiveness of active control of multi-story building structures. The influence of uncertainty in the
measurement of soil parameters has been extensively studied. A practical algorithm toward the
actual implementation of optimal control is then proposed, taking into account the soil-structure
interaction in a simple way. Based on the extensive analyses on a three-story frame structure, the
following conclusions can be drawn:

1) The fundamental frequency of a soil-structure system, controlled or uncontrolled, significantly
decreases as soil material softens. However, it increases by 15% to 23% with significant control
effort (3= 1).

2) The damping ratio of the first mode of an uncontrolled soil-structure system significantly
increases with the softening of soil material while that of the system controlled with significant
effort decreases. This indicates the considerable degrading in performance of an active control
system. Soil material damping plays an important role in reducing the dynamic responses of
structures on flexible bases regardless of the level of control force.

3) Under the same control force (peak value), the selection of weighting matrix does not
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significantly affect the amount of peak response reduction. Therefore, the weighting matrix leading
to the minimization of potential energy is recommended for practical applications.

4) Uncertainty in soil parameters does not appear to significantly degrade the performance of a
state feedback control algorithm as long as the algorithm is designed based on the average soil
properties at a site.

5) The proposed output feedback algorithm does not require the design of an observer. It is
proved very effective in reducing the maximum responses of structures. It has nearly the same
performance as the full state feedback algorithm under the same control force (peak value).
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Appendix: Matrices, T; (i=1, 2, 3, 4, 5)
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