





































































































































































































































































































































































































CHAPTER 4

Determination of the regression equation is usually done using computer software,
particularly when multiple variables are involved. In this study, for a given strain
hardening ratio, the parameters A, B and C are determined using the Surface Fitting
Toolbox provided by MATLAB. Minimizing the sum of squares of the differences be-
tween the actual values of F and the values predicted by Eq. (74), parameters A, B
and C are obtained and presented in Table 4.

To check the accuracy of surface fitting, the coefficient of determination R? and the
adjusted R? are also calculated. For a perfect fit, R? = 1. Values less than that indi-
cate that the function fits the data in a less than ideal manner. Excellent fits general-
ly have R? values of 0.95 or above and fair to good fits have R* = 0.7-0.9. To visual-
ize the situation of fits, the collected scatter points and simulated factor F are
plotted in Figs. 99-108 for various strain hardening ratios. It can be seen that rela-
tively good fits can be obtained. In addition, as stated by Blandon (Blandon &
Priestley, 2005), a perfect match is not possible for all the cases because it is nec-
essary to keep a simple form of the equation.

. . . Parameters ) o,
Strain hardening ratio R Adj. R
A B C

0.00 0.2293 -0.6367 -0.01945 0.9470 0.9467

0.01 0.2698 -0.3463 0.1592  0.8160 0.8148

0.03 0.3256 -0.1982 0.2191  0.7258 0.7240

0.05 0.3711 -0.1892 0.2165 0.7873 0.7859
0.075 0.4110 -0.1930 0.2069  0.8646 0.8637
0.10 0.4750 -0.1512 0.1783  0.8050 0.8036
0.125 0.5153 -0.1450 0.1657  0.7938 0.7924
0.15 0.5338 -0.1513 0.1639 0.7624 0.7608
0.175 0.5376 -0.1644 0.1678  0.8024 0.8010
0.20 0.5573 -0.1408 0.1721  0.7878 0.7864

Table 4
Parameters to determine the factor F
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EQUIVALENT LINEARIZATION ANALYSIS METHOD FOR BASE-ISOLATED BUILDINGS

the same storey mass at all the levels. For all four superstructure models, the storey
height h = 3 m. Storey mass (ms) has been computed referring to residential
buildings with gross floor area of 180 m? (specifically, 60000 kg), and the total
superstructure mass (Ms) equals the sum of these storey masses. The base mass
(my) is set to two times the storey mass. At each level of superstructure, inter-storey
stiffness (ks) is assigned to be identical and calibrated so that the fundamental
period of the superstructure Ty = 0.3, 0.6, 0.9 and 1.2 s for the three-, six-, nine-
and twelve-storey structures with a fixed base, respectively. Presented in Table 6 is
the corresponding inter-storey stiffness used for different superstructures. The
reduction in stiffness due to P- effects has not been included in the model and the
superstructure is assumed to behave rigidly in the axial direction.
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Fig. 146 Layout of the prototype base-isolated structures
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EQUIVALENT LINEARIZATION ANALYSIS METHOD FOR BASE-ISOLATED BUILDINGS
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Fig. 155 Estimation accuracy of Liu method based on 3-storey superstructure: (a) against ini-
tial period for different ductility ratios and (b) against ductility ratio for different initial periods
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Fig. 156 Estimation accuracy of Liu method based on 6-storey superstructure: (a) against ini-
tial period for different ductility ratios and (b) against ductility ratio for different initial periods
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Fig. 157 Estimation accuracy of Liu method based on 9-storey superstructure: (a) against ini-
tial period for different ductility ratios and (b) against ductility ratio for different initial periods
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Fig. 158 Estimation accuracy of Liu method based on 12-storey superstructure: (a) against ini-
tial period for different ductility ratios and (b) against ductility ratio for different initial periods

Regarding the coefficient of variation C,, as shown in Figs. 159-162, little larger re-
sults could be obtained when compared with R&H method. With varying different
parameters, variation trend of C, is found to be similar to R&H method.
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Fig. 159 Coefficient of variation computed based on Liu method and 3-storey superstructure:
(a) against initial period for different ductility ratios and (b) against ductility ratio for different

initial periods
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Fig. 160 Coefficient of variation computed based on Liu method and 6-storey superstructure:
(a) against initial period for different ductility ratios and (b) against ductility ratio for different
initial periods
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Fig. 161 Coefficient of variation computed based on Liu method and 9-storey superstructure:
(a) against initial period for different ductility ratios and (b) against ductility ratio for different
initial periods
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Fig. 162 Coefficient of variation computed based on Liu method and 12-storey superstructure:
(a) against initial period for different ductility ratios and (b) against ductility ratio for different
initial periods
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CHAPTER 5
5.2. Optimization Analyses of MDOF Systems

As observed in last sections, both R&H method and Liu method cannot predict sat-
isfied estimates of the maximum displacement of isolation interface for base-
isolated MDOF systems. It is expected that the optimal damping ratio which mini-
mizes the difference of the maximum displacement response between nonlinear
and linear time history analysis is significantly affected by the dynamic properties of
both superstructure and isolation systems. In this section, optimization analyses are
performed to investigate the optimal damping ratios based on the procedures de-
scribed in previous Chapters. Similarly, the optimal damping ratios are averaged
over the selected earthquake records for each initial period and each level of dis-
placement ductility (see Eq. (72)).

The averaged optimal damping ratios are shown in Figs. 163-166 for MDOF sys-
tems with different superstructures. It can be observed from this figure, o4 in gen-
eral decreases with increasing the initial period of isolation systems. However, oy
first increases and then decreases as the ductility ratio increases except for isola-
tion systems with relatively short initial periods. Significant change in the optimal
damping ratio happens when short initial period is considered. But, for the cases
with long initial periods and high ductility ratios, the influence of different superstruc-
tures is not so remarkable.
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Fig. 163 The averaged optimal damping ratios based on 3-storey superstructure: (a) against
initial period for different ductility ratios and (b) against ductility ratio for different initial periods
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Fig. 164 The averaged optimal damping ratios based on 6-storey superstructure: (a) against
initial period for different ductility ratios and (b) against ductility ratio for different initial periods

(a) 1.0

0.9
0.8

e e o e
[ T Y

0.2
0.1

Optimal damping ratio Sopt

00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00.102030405060.70.8091.01.112131415

T T T T T T T T T T T T T T

u=2 u=4 =6 u=8 ——u=10
——————— U=i2-=== p=id= == p=i6= = - u=i8= = u=20
=23 =26+ e =29+ =320 - - - p=35

Initial period 7,

(b) 10
0.9
08
W07
0.6
0.5
0.4
03
02
0.1
0.0

Optimal damping ratio

T T T T T T T T T T
7=00 —7,=02 7,203 ——7,=04 ——7,=0.5

[T, =06 === T,=0.7 === 7,08 ===T7,=09 == T,=1.0 |
. . . . . . . . . .

0 5 10 15 20 25 30 35 40 45 50

Ductility ratio

Fig. 165 The averaged optimal damping ratios based on 9-storey superstructure: (a) against
initial period for different ductility ratios and (b) against ductility ratio for different initial periods
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Fig. 166 The averaged optimal damping ratios based on 12-storey superstructure: (a) against
initial period for different ductility ratios and (b) against ductility ratio for different initial periods
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CHAPTER 5
5.3. Regression Analyses of MDOF Systems

Again, Liu method is modified to take into account the influence of superstructure by
regression analysis of the optimal damping ratio computed in Chapter 5.2. A factor
S, which is a function of the ratio of the superstructure period to the equivalent peri-
od, is introduced to Liu method. Thus, the proposed formula of equivalent viscous
damping ratio for MDOF systems has the following form:

21 1 c

eq 0 1

S (88)

The factor S could be computed as the ratio of the optimal damping ratios to those
calculated using Liu method. For different superstructures the factors are plotted in
Figs. 167-170 against the ratio of equivalent period to superstructure period with
fixed base, i.e., Teq/Ttp.
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In the present research, the relationship between S and Teq /T, is modeled using
the following rational function:

S, Teq/Tfb s,
Teq/Tfb S,

(89)

Minimizing the sum of squares of the differences between the optimal damping rati-
os and those predicted by Eq. (88) and Eqg. (89), parameters s;, S, and s; are con-
verged to 0.87, -0.1308 and -0.8094, respectively, with a coefficient of determina-
tion R? equal to 0.74, as shown in Fig. 171.
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Fig. 171 Regression analysis of the factor S for all considered superstructures

Finally, the proposed formula of equivalent viscous damping ratio used for MDOF
base-isolated systems can be expressed as:

2 1 1, e ,c 087T,/T, 01308
0

90
w0 1 1 T, /T, 0.8094 (%0)

where the parameters A, B and C could be computed based on Eq. (78).

In accordance with Eq. (78) and Eqg. (90), mean approximate to exact displacement
ratios are computed again and presented in Figs. 172-175. As can be observed, es-
timation accuracy is significantly improved when compared with the results from
Figs. 147-150 and Figs. 155-158, in particular for base-isolated MDOF systems with
9- and 12-storey superstructures.
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Fig. 172 Estimation accuracy of proposed method based on 3-storey superstructure: (a)
against initial period for different ductility ratios and (b) against ductility ratio for different initial
periods
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Fig. 173 Estimation accuracy of proposed method based on 6-storey superstructure: (a)
against initial period for different ductility ratios and (b) against ductility ratio for different initial
periods
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Fig. 174 Estimation accuracy of proposed method based on 9-storey superstructure: (a)
against initial period for different ductility ratios and (b) against ductility ratio for different initial
periods
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Fig. 175 Estimation accuracy of proposed method based on 12-storey superstructure: (a)
against initial period for different ductility ratios and (b) against ductility ratio for different initial
periods

The coefficient of variation C, obtained by the proposed formula is presented in Figs.
176-179. It is seen that C, in general decreases with increasing the ductility ratio
and the initial period. In addition, as the height (or period) of the superstructure in-
creases, C, decreases overall.
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Fig. 176 Coefficient of variation computed based on proposed method and 3-storey super-
structure: (a) against initial period for different ductility ratios and (b) against ductility ratio for

different initial periods
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CHAPTER 5

5.4. Summary

In this Chapter, equivalent linearization methods are investigated based on MDOF
base-isolated buildings. Both R&H method and Liu method are not able to accurate-
ly predict the maximum displacement of isolation systems when the bilinear isola-
tion systems having short initial periods and small ductility ratios. It is found that the
ratio between equivalent period and superstructure period has important influence
on the estimation accuracy of equivalent linearization analysis. In other words, if this
ratio is relatively large (Teq/Tw >3), the superstructure can be assumed to be a rigid
body, otherwise large errors could be obtained due to the SDOF assumption.

In order to incorporate the effect of superstructure, Liu method is further modified.
An improved equivalent linearization method is derived using similar procedure de-
scribed in Chapter 4. Results show that the prediction accuracy is significantly im-
proved by the newly proposed method and the relative error between approximate
and exact maximum inelastic displacement is less than 10%.
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CHAPTER 6

6. STRUCTURAL ANALYSES OF BASE-ISOLATED BUILDINGS

Modern seismic codes (CEN, 2004; D.M., 2008) provide rules to analysis and de-
sign base isolated structures in which the isolation system is located below the main
mass of the structure. The seismic performance assessment of such base-isolated
buildings can be carried out by linear and/or nonlinear structural analysis methods
(Di Sarno et al., 2011).

Here, the recent Italian seismic code (D.M., 2008) is focused, in which the structural
analysis of structures with base isolation can be conducted as follows:

- Equivalent static linear analysis;

- Linear dynamic analysis (either modal or linear response history);

- Nonlinear dynamic analysis (nonlinear response history).

In this Chapter, the suitability of different analysis methods is investigated with the
equivalent linearization technique recommended in code (R&H method) and those
proposed in Chapter 4 and 5. Here, for the sake of clarity, the equivalent lineariza-
tion methods proposed in Chapter 4 (SDOF systems) and 5 (MDOF systems) are
abbreviated to Liu | method and Liu Il method.

6.1. Introduction

Nonlinear dynamic analysis is deemed compulsory whenever the isolation system
cannot be represented by an equivalent linear model; an adequate constitutive rela-
tionship should thus be formulated and implemented in the structural analysis
scheme.

However, as mentioned in Italian seismic code (D.M., 2008), linear analyses, either
static or dynamic, may be employed if the isolation system can be modeled with
equivalent linear visco-elastic behavior, if it consists of devices such as laminated
elastomeric bearings, or with bilinear hysteretic behavior if the system consists of
elasto-plastic types of devices.
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When equivalent linear analysis is considered, effective stiffness (K¢) and effective
viscous damping ( .¢) are utilized to model each isolator unit. The effective re-
sponse quantities (Ke and ) are computed at lateral displacements relative to the
limit state under consideration, where the effective stiffness K¢ corresponds to the
secant stiffness at the total design displacement and the effective damping ¢ of
the bearing devices quantifies the energy dissipated under cyclic loads. For higher
modes outside this range, the modal damping ratio of the complete structure should
be that of a fixed base superstructure.

Since the design displacement of isolator unit is unknown at the beginning, the line-
arization of the isolator constitutive law is an iterative procedure. However, the
number of iterations for convergence tends to be rather low to match the 5% error
recommended in the seismic standards; generally less than 5 iterations are suffi-
cient.

In order to model the behavior of isolation system as being equivalent linear, all the
following conditions specified in Italian seismic code (D.M., 2008) must be met:

(1) The equivalent stiffness, Keq, should be greater or equal to 50% of the secant
stiffness for cycles with displacement equal to 20% of the design displacement, as
shown in Fig. 180, namely:

1 (1) 02
K 1 (02 1
KO.Zeq 1 ( 1) if 5

if 5

: (91)
2

Simplifying the above inequality, the relationship between and can be derived in
order to satisfy this requirement, which can be expressed as:

max M,S
(92)
min M,S
1 2

Considering the maximum strain hardening ratio = 0.2 and the second item of Eq.
(92), the ductility ratio has to be less than 2.67, which is not suitable for seismic iso-
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lation system subjected to design earthquakes. So, in this study, only the first item
of Eq. (92) is considered.

F
K, - - - = =
~
s |
d |
AKp/
Fy L P |
7
Oy “AIKO.Zeq - AKeq |
por 7 |
7
/
)7 Koy = 50%K 5, |
L | -
x, 0.2x4 X; X

Fig. 180 Requirement of equivalent stiffness in linearization of bilinear behavior
(2) The equivalent damping ratio, 4, Of seismic isolation system should be less
than 30%, that is:

21

eq 0 1

0.30 (93)

(3) The force-displacement characteristics of seismic isolation system do not vary
more than 10% due to the rate of loading and the variation of vertical load. In order
to simplify the assessment procedure, the force-displacement characteristics of iso-
lation system are assumed to be independent of the above aspects in this study.

(4) To provide sufficient re-centering capability, increase of the force in isolation
system for displacements between 0.5x4 and Xq4 is not less than 2.5% of the total
gravity load above the system, as presented in Fig. 181. Similar to requirement (1),
considering the performance of seismic isolation system subjected to design earth-
quakes, conditions when ductility ratio is less than 2.0 are neglected in this study.
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Substituting F,/f for the total weight of isolation system and considering the defini-
tion of strain hardening ratio and ductility ratio, this requirement can be expressed
as:

F F R 0.5xK, 2.5%xyK1/f (94)

Separating the ductility ratio from the inequality, the effective range of is obtained
as below:

1.0 (95)
20 f
F o
F, — - - - - — — —
JAFEZJ%W s |
v
Fosa - - = = _ |
v
Fy B 4’ |/AKeq |
s
Qy | Kp _ | |
| d | |
s
| | |
g | |
| —
X, 0.5x, X,

Fig. 181 Requirement of restoring force in linearization of bilinear behavior

It can be noted that equivalent linear properties of seismic isolation system are only
related to the ductility ratio and strain hardening ratio in R&H method. The yield
strength of seismic isolation system is assigned to be 5% of the structural weight,
which is also applicable to the following parametric study. Assuming ranges from
0.02 to 0.20 and varies between 2 and 50, final feasible region determined by re-
quirements (1), (2) and (4) is presented in Fig. 182. As can be observed in this fig-
ure, the feasible region is dominated by requirements (1) and seismic isolation sys-
tems with high values of and are suitable for the procedure of equivalent
linearization. However, in most cases, equivalent linearization of seismic isolation
system is not permitted. Thus, under a given earthquake ground motion, adjusting
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the bilinear properties of seismic isolation system so as to satisfy the limited condi-
tion may become very inconvenient. In addition, the selected isolation bearings may
be unavailable on the market.

50

Ductility ratio 1

5_

1 L 4 T 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Strain hardening ratio o

Fig. 182 Feasible region of equivalent linearization of seismic isolation system

6.2. Analysis Procedures

Detailed procedures to perform different analysis methods are presented as below
in accordance with the Italian seismic code (D.M., 2008). Application of various
analysis methods depends on the complexity of base-isolated buildings. Specific

requirements should be satisfied when applying the corresponding analysis method.

6.2.1 Equivalent Static Linear Analysis

In equivalent static linear analysis (SLA), the superstructure of base-isolated build-
ings is assumed to be a rigid solid translating above the isolation system. Then the
effective period for translation is:

Ty 2 |— (96)
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where M is the mass of superstructure and K is the effective stiffness of the isola-
tion system.

The torsional movement about the vertical axis may be neglected in the evaluation
of the effective horizontal stiffness and in the simplified linear analysis if, in each of
the two principal horizontal directions, the total eccentricity (including the accidental
eccentricity) between the stiffness centre of the isolation system and the vertical
projection of the centre of mass of the superstructure does not exceed 7.5% of the
length of the superstructure transverse to the horizontal direction considered. This
is a condition for the application of the simplified linear analysis method.

Besides the requirements in applying equivalent linearization technique, to perform
equivalent static linear analysis of base-isolated buildings, the following conditions
have to be also met:

1) the effective period T satisfies the following condition:

3T <T<3s (97)

where Ty, is the fundamental period of the superstructure assuming a fixed base
(could be estimated through a simplified expression).

2) the ratio between the vertical and the horizontal stiffness of the isolation system
should satisfy the following expression:

K

150 (98)

eff

3) the fundamental period in the vertical direction, TV, should be not longer than 0,1
s, where:

T 2 |— (99)

For civil and industrial buildings, the following conditions are added:

- The superstructure has a height not greater than 20 meters and not more than 5
floors.
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- The substructure can be considered infinitely rigid or the natural period is not
greater than 0.05 s.

- The largest dimension in plan of the superstructure is less than 50 meters;

- In each of the principal directions of horizontal eccentricity total (excluding the
accidental) between the center of rigidity of the isolation system and the vertical
projection of the center of mass is not more than 3% of the size of the
superstructure transverse to the horizontal direction considered.

As mentioned previously, an iteration procedure should be used to perform equiva-
lent static linear analysis of base-isolated buildings due to the unknown design dis-
placement, which can be described through the following steps:

Step 1: Assuming the initial design displacement d, of isolation system;
Step 2: Calculate the equivalent properties (K¢ and o) using the recommended
method in code (R&H method) or those proposed in Chapter 4 and 5 (Liu | and Liu

Il methods);

Step 3: Compute the displacement of isolation systems from the following
expression:

M Se Teff* eff
’ Keff

d, (100)

where S¢(Ter, ef) IS the spectral acceleration, taking into account the appropriate
value of effective damping .

Step 4: Compare dg. with do, if the relative error between them is less than 1%, then
stop the iteration, otherwise replace dywith dy. and go to Step 2.

Step 5: The horizontal forces applied at i™ level of the superstructure should be
calculated, in each horizontal direction through the following expression:

foom S, T, . (101)
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6.2.2 Linear Dynamic Analysis

If the behavior of the devices may be considered as equivalent linear but any one of
the conditions presented in Chapter 6.2.1 is not met, modal response analysis (RSP)
or linear response history analysis (LTHA) may be performed.

If you adopt the modal response spectrum analysis, the vertical component must be
taken into account in the cases when the ratio between the vertical stiffness of
isolation system K, and the equivalent horizontal stiffness K is lower than 800.
The considered elastic spectrum should be reduced for the entire range of periods
T = 0.8 T;, assuming for the reduction coefficient , the value corresponding to the
equivalent viscous damping ratio ¢ of the isolation system

Analysis procedures of linear dynamic analysis of base-isolated buildings are
presented as below:

Step 1: Assuming the initial design displacement d, of isolation system;

Step 2: Calculate the equivalent properties (Ker and ¢f) using R&H method, Liu |
method and Liu Il method;

Step 3: Compute the displacement dg of isolation system from modal response
spectrum analysis or linear response history analysis. Note that for modal response
spectrum analysis the considered elastic spectrum should be reduced for periods T
= 0.8 T;s with the equivalent damping ratio ., while for higher modes with periods
T< 0.8 Tisthe superstructure damping ratio could be used.

Step 4: Compare dg. with do, if the relative error between them is less than 1%, then
stop the iteration, otherwise replace d, with dy. and go to Step 2.

Step 5: The horizontal forces applied at each level of the superstructure can be
directly calculated using linear dynamic analysis.

6.2.3 Nonlinear Dynamic Analysis

If an isolation system cannot be represented by an equivalent linear model, the
seismic response should be evaluated by nonlinear time history analysis (NTHA),
using an constitutive relationship of the devices which can adequately reproduce
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the behavior of the isolation system in the range of deformations and velocities
anticipated in the seismic design situation.

Specifically, in this research, bilinear hysteretic behavior of isolation systems is
considered as well as the Newmark- method to solve the nonlinear dynamic
analysis.

6.3. Seismic Input Characterization

The structural analyses of base-isolated buildings are in general carried out based
on response acceleration spectrum specified in codes, which could be utilized by
equivalent static linear analysis and modal response spectrum analysis. However,
for linear and nonlinear response history analysis, spectrum-compatible natural
records should be considered as seismic inputs. The modeling of the seismic input
in both cases is discussed hereafter.

6.3.1 Acceleration Response Spectrum

In DM 2008, two damage limit states (SLO, SLD) and two ultimate limit states (SLV,
SLC) are established for the purpose of structural design, as presented in Table 7.

Return Periods Probability of

Limit states Target performance exceedance in 50
Tr (years)
years
Serviceability SLO Immediate Operability 30 81%
limit states SLD Damage Control 50 63%
Ultimate SLV Life Safety 475 10%
limit states SLC Collapse Prevention 975 5%
Table 7

Different limit states considered in DM 2008.

DM 2008 does not use the concept of seismic zones but defines the response
spectra in each point of a network covering the entire Italian Territory. According to
the location of the building and the return period of seismic hazard, three
parameters, a4, F, and Tc* can be provided to generate the elastic acceleration
spectrum. Due to space limitation, the detailed shape of 5%-damped horizontal
acceleration spectrum and meanings of different parameters can be found in
Chapter 3 of DM 2008.
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When response spectrum is used, high viscous damping ratio (>0.05) is generally
introduced by base isolation system, so the damping reduction factor will be used to
get an approximate estimate of high damping elastic response spectra from their
5% counterpart. The expression of damping reduction factor used in DM 2008 was
derived by Bommer et al. (Bommer et al., 2000), as shown in Eq. (102), where is
applied in decimal form.

10

e — 102
5 100 (102)

Due to the 2009 L'Aquila earthquake, parameters ag, F, and T¢* are selected based
on the location of L'Aquila in Italy, namely, ag = 0.334, F,= 2.400 and Tc* = 0.364.
Assuming the investigated base-isolated buildings in this region have the following
structural parameters, soil type C and topology type T1, the 5%-damped elastic
acceleration spectra corresponding to different limit states are presented in Fig. 183.
In the present study, for the sake of simplicity, only the severest limit state SLC is
considered as seismic input.

1,0
0,8

0.6 If

S (g)

0,4}

02}

Period T (sec)

Fig. 183 5%-damped elastic acceleration spectra of different limit states

6.3.2 Natural Acceleration Time-histories

Besides the acceleration response spectra, ultimate limit states in DM 2008 can be
also verified through the use of artificial, simulated or natural ground motions. To
perform nonlinear time history analysis of base-isolated building, a set of twelve
natural ground motions has been compiled from the Pacific Earthquake Engineering
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Research Center (PEER, 2010). Note that the ground motions are selected to fit the
target response spectrum without consideration of geological conditions and
earthquake mechanisms. The digital records of these ground motions and
summaries of their characteristics are presented in Fig. 184 and Table 3,
respectively.
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Fig. 184 Digital records of the selected ground motions
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Fig. 184 Digital records of the selected ground motions (continued)
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Fig. 184 Digital records of the selected ground motions (continued)

The selected earthquake ground motions should be scaled so that their mean
response spectrum is compatible to the target design spectrum corresponding to
SLC limit state. The scaling procedure is composed of two phases. At the beginning,
the 5%-damped acceleration spectra of these ground motions are computed and

shown in Fig. 185.
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Fig. 185 Original acceleration spectra of the selected ground motions

The first phase is an amplitude scaling method which seeks to minimize a sum ()
of the weighted squared errors between the geometric mean of the selected ground
motions and the target spectral values at various periods. Error is defined as:

WS, Y Yy (103)

il

where w; is the weighted factor at periods T;, S; the scaling factor for the ground
motion of interest, Y; the spectral value for the considered record at period T, y+i the
target spectral ordinates at period T; and n the number of selected target periods.

So, for each selected natural ground motion, the corresponding value of S; can be
determined by setting the derivative of Eq. (103) with respect to parameter S; equal
to zero, namely:

W, Y, Yri
s (104)

In this study, 26 target periods (Tj) from the interested period range between 1.5
sec and 4.0 sec with an increment of 0.1 s are considered for the first phase of
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scaling procedure. Since the natural period of most base-isolated buildings
generally varies between 1.5 s and 3.0 s, all the weighted factors of the target
periods are selected to be 1.0. Averaged acceleration spectrum after first scaling
phase is presented in Fig. 186.

2.5
- = — Average response spectrum after first phase
Target response spectrum (SLC)
2.0+ —-—- Target response spectrum (90% SLC)
20
n° 1.5
1.0
0.5
0.0 —1

Period (s)

Fig. 186 Average acceleration spectrum after first scaling phase

The second phase, scaling all the ground motions using a unique factor S,, assures
the requirement of DM 2008. Each ground motion is further scaled such that for
each period between 0.15 s and 1.2T.q with an increment of 0.01 s the average of
spectra from all the ground motions does not fall below the corresponding ordinate
of the target response spectrum by more than 10%. Period Teq is the equivalent
period of base-isolated building under SLC response spectrum.
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Fig. 187 Average acceleration spectrum after second scaling phase

The final scaling factor SF applied to each ground motion is obtained by
multiplication of two factors S; and S, obtained in two scaling phases. Fig. 187
presents the 5%-damped target spectrum and average value of the scaled ground
motion records. The final scaling factors are given in Table 8 for each ground

motion.
Num Earthquake Components S Sz SF

1 Temblor pre-1969 3.3010 1.2853 4.2428
2 San Fernando Castaic-Old Ridge Route 4.0048 1.2853 5.1474
3 Managua-Nicaragua-01 Managua- ESSO 1.7466 1.2853 2.2449
4 Imperial Valley-06 Compuertas 5.2072 1.2853 6.6928
5 Mammoth Lakes-01 Convict Creek 1.8900 1.2853 2.4292
6 Victoria- Mexico Cerro Prieto 0.9713 1.2853 1.2484
7 Coalinga-01 Parkfield-Cholame 2WA 3.2573 1.2853 4.1866
8 Loma Prieta Foster City-Menhaden Court 2.1673 1.2853 2.7856
9 Cape Mendocino Petrolia 1.2124 1.2853 1.5583
10 Northridge-01 LA-Wonderland Ave 5.5586 1.2853 7.1445
11 Kobe-Japan Kakogawa 1.7317 1.2853 2.2258
12 Kocaeli- Turkey Izmit 1.5340 1.2853 1.9717

Table 8

Scaling factors of the selected earthquake ground motions.
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6.4. Investigated Multi-storey Base-isolated Buildings

To examine the results from different analysis methods, i.e., equivalent static linear
analysis, response spectrum analysis, linear and nonlinear dynamic analysis, ten
multi-storey base-isolated buildings are considered with superstructyures from 3-
storey to 12-storey, as shown in Fig. 188. All the superstructyures have the same
storey mass mg (60000 kg) at all the levels and the base mass m, is assumed to be
two times the storey mass, which are same as the MDOF systems described in
Chapter 5. Presented in Table 9 is the summary of structrual properties of various
superstructures as well as the behavior of base isolation system. The bilinear
hysteretic model is specified to base isolation systems. The superstructures are
assumed to respond linearly to all earthquake loads. Furthermore, they are
assumed to behave rigidly in the axial direction. The reduction in stiffness due to P-

effects has not been included in the model. The damping ratio of superstructure is
assigned to be 0.05.

— ms@ —— DOF 1

ks

ms @ —~ DOF2

ks

ms@ — DOF 3

Superstructure: Stick model —

ms —~ DOFi

+

ms @ —~ DOFN-1

ks

my
— 7 7] —~ DOFN

Base isolation system:
Bilinear hysteresis model yam

Fig. 188 Layout of the prototype base-isolated buildings examined in this study
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Superstructure Isolation system
MDOF - -
Superstructure Inter-storey Normalized yield Isolated
systems ] ) ]
period (s) stiffness (N/m) strength (F,/W) period (s)
3 storey 0.3 132808415 0.02 1.50
4 storey 0.4 122643063 0.04 1.75
5 storey 0.5 116881283 0.06 2.00
6 storey 0.6 113106845 0.08 2.25
7 storey 0.7 110520718 0.10 2.50
8 storey 0.8 108613268 0.12 2.75
9 storey 0.9 107148719 0.14 3.00
10 storey 1.0 105940532 0.16 3.25
11 storey 11 105007436 0.18 3.50
12 storey 12 104235211 0.20 3.75
Table 9

Structural properties of the investigated base-isolated buildings.

6.5. Results Comparison

As mentionded in DM 2008, the dynamic response of base-isolated buildings
should be analyzed in terms of base displacements and storey forces. In the
following sections, the results from different equivalent linearization analysis
methods are cpmpared with those from nonlinear time history analysis, in which
both the equivalent linearization technique recommended in code (R&H method)
and those proposed by the authors are used (Liu | and Liu Il methods).

6.5.1 Base Displacement

Maximum displacements of the isolation interface for different MDOF systems are
presented in Table 10. It can be noted that for all the equivalent linearization analy-
ses (SLA, RSP and LTHA), the maximum displacement of isolation interface com-
puted using Liu methods is larger than that obtained using R&H method. This is be-
cause, the equivalent damping ratio from Liu methods is smaller than that from R&H
method, which also demonstrates that R&H method overestimates the equivalent
damping ratio to some extent.
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The relative error between different equivalent linearization analysis methods and
NTHA can be observed in Fig. 189. For SLA, it can be seen that R&H method un-
derestimates the maximum displacement and the relative error in general increases
with increasing the storey number. However, with Liu | equivalent linearization
method, good agreement between SLA and NTHA could be obtained. In addition,
the error decreases as the number of storey increases.

For RSP analysis, both R&H and Liu | methods produce nonconservative results,
that is the maximum displacement of the isolation systems is significantly underes-
timated. But, smaller errors can be found for Liu | method than R&H method.

For LTHA, both R&H and Liu Il methods yield good estimates of the exact maxi-
mum displacement of isolation system. It is found that for storey number less than 6,
R&H method is slightly better than Liu Il method. However, for storey number
greater than 6, estimation accuracy of the results is significantly improved by Liu Il
method. Using R&H method, relative error between LTHA and NTHA is in general
less than 20%, while the relative error will become less than 10% when Liu Il
method is utilized.

It is expected that LTHA always predicts better maximum displacement of the isola-
tion interface than RSP method because there is no additional requirements in scal-
ing the earthquake ground motions to match the target spectrum and in determining
the reduction factor based on damping ratios greater than 5%. But, if the investi-
gated base-isolated building is very complicated, the application of LTHA with
equivalent linearization method may require an exorbitant amount of time.

Fortunately, SLA with Liu | method allows the structural designers to assess the re-
sponse of base-isolated building using a simplified way. In general, Liu | method will
always produce better results than R&H method since it is the modified version of
R&H method. Again, when compare the structural response between SLA and
NTHA, the scaling of the selected ground motions and the choice of the damping
reduction factor are of great importance. If both of them are addressed well, SLA
with Liu | method could be a very useful tool in the structural design of base-isolated
buildings, at least in the preliminary stage of structural design.
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Number of storey SEA ) RSP . LTHA . NTHA
R&H Liu | R&H Liu | R&H Liu [l

3 0.2680 0.2670 0.2638 0.2649 0.3724 0.3753 0.3659
4 0.2133 0.2200 0.2080 0.2149 0.2753 0.2787 0.2513
5 0.1658 0.1777 0.1586 0.1709 0.1994 0.2036 0.1914
6 0.1318 0.1512 0.1223 0.1423 0.1524 0.1600 0.1534
7 0.1085 0.1348 0.1090 0.1227 0.1290 0.1384 0.1396
8 0.0921 0.1235 0.0996 0.1070 0.1134 0.1248 0.1310
9 0.0803 0.1149 0.0864 0.0923 0.1018 0.1133 0.1179
10 0.0713 0.1078 0.0700 0.0776 0.0928 0.1017 0.1019
11 0.0644 0.1015 0.0519 0.0630 0.0851 0.0905 0.1040
12 0.0588 0.0958 0.0310 0.0485 0.0779 0.0798 0.0886

Table 10

Maximum displacements of the isolation interface (m).

Relative error (%)

100

—— SLA (R&H method)
- = - SLA (Liu | method)
—o— RSP (R&H method)
--0--RSP (Liu | method)
—o— LTHA (R&H method)
== LTHA (Liu Il method)

9

Number of storey

a T
10 11

T
12 13

Fig. 189 Relative error of maximum base displacement between different equivalent lineari-
zation analyses and nonlinear time history analysis
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6.5.2 Storey Shear Force

Besides the maximum displacement of isolation systems, another response
indicator of base-isolated buildings is the storey shear force in superstruture. If the
maximum displacement of isolation sysytems is predicted accurately, the base
shear force can be determined based on the properties (equivalent linear or
nonlinear) of isolation system. Here, the study is only focused on the distribution of
storey shear force along the height of the superstructure in base-isolated buildings.

As described in Chapter 2.4, various methods are used to determine the lateral
force distribution. For the sake of comparison, four methods to determine the lateral
force distribution are investigated, including uniform distribution, invert triangular
distribution, methods proposed by Protective Systems Committee (PSC) and York
and Ryan. In addition, distributions of storey shear force computed by LTHA (with
both R&H and Liu Il methods) and NTHA are also presented.

Fig.190 shows the normalized storey shear (Vi/Vy) for different base-isolated build-
ings. It is found that for base-isolated buildings with storey number less than 4 the
distribution of storey shear force can be considered to be uniform, namely propor-
tional to the storey mass, which is also recommended in DM 2008. Invert triangular
distribution and PSC distribution overestimate the storey shear force when storey
number is less than 4. Essentially, the equivalent damping ratio estimated for 3- and
4-storey base-isolated buildings are 0.0023 and 0.0471, respectively, thereby the
storey shear could be assumed to proportional to the storey mass.

However, with increasing the storey number of superstructure and varying the
properties of the isolation system, the equivalent damping ratio of isolation system
increases. Therefore, the acceleration profile can't be considered as uniform along
the height of the superstructure. It is seen that York method presents relatively good
results for medium storey number when compared with other methods.

PSC method results in the same storey shear force in first floor as that from uniform
distribution, while in the superstructure, an inverted triangular distribution is applied.
However, this method does not remarkably improve the accuracy in predicting the
storey shear distribution along the height of superstructure.

When LTHA is used, the storey shear is found to be accurate at the upper storyes
while it is largely overestimated at the lower storeys, especially for base-isolated
buildings with relatively high damping ratio.
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Fig. 190 Normalized storey shear for base-isolated buildings with 3- to 12-storey superstruc-
tures
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Fig. 190 Normalized storey shear for base-isolated buildings with 3- to 12-storey superstruc-
tures (continued)

It is noted that both the uniform and the inverted triangular equivalent-static-force
distribution are inadequate to describe the great variety of situations that can be
found. In addition, for other methods to estimate the distribution of storey shear,
they are only considered to be valid in limited conditions. In fact, the distribution of
storey shear along the height of superstructure in base-isolated buildings is signifi-
cantly related to the distribution of the storey mass and the inter-storey stiffness and
more important the equivalent damping of the isolation systems. With increasing the
damping ratio of the isolation systems, more seismic force will be translated to su-
perstructure, so the normalized storey shear envelope becomes more bulged, indi-
cating more significant higher-mode contributions.

York method in general presents good estimations of storey shear force distribution
for relative low base-isolated buildings (or for MDOF systems with relatively low
damping ratio). However, with increasing the damping ratio in base isolation sys-
tems, much more high modes effects must be taken into account.
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More work need to be done to comprehensively examine the lateral force distribu-
tion in multi-storey base-isolated buildings, which is also important for equivalent
linearization analysis of base-isolated buildings.

6.6. Summary

In this Chapter, different analysis methods for base-isolated buildings are investi-
gated. In accordance with the specification in DM 2008, four analysis methods,
equivalent static linear analysis (SLA), response spectral analysis (RSP), linear time
history analysis (LTHA), nonlinear time history analysis (NTHA) are carried out on
ten (from 3- to 12-storey) shear-type buildings, equipped with a variety of isolation
systems. In addition, both R&H method and Liu methods are considered to estimate
the equivalent damping ratio of isolation systems. In Liu methods, Liu | method indi-
cates the method used for SDOF systems derived in Chapter 4, while Liu Il method
is the method derived for MDOF systems in Chapter 5.

For the prediction of the maximum displacement of isolation interface, it is found
that results from LTHA always have a good agreement with those from NTHA. Spe-
cifically, LTHA with Liu Il method could present better results than that with R&H
method in all the considered cases. However, this analysis method will take a great
amount of time when the investigated buildings is complicated.

In general, RSP produces larger errors than other analysis methods, in particular for
high superstructures. This can be explained that high-mode effects will take place
for higher superstructures. Considering the computational time, SLA with Liu |
method can be used as an appropriate tool for design of base-isolated buildings.

Regarding the distribution of storey shear force along the superstructure, many dif-
ferent methods are assessed. It is found that for relatively low superstructures uni-
form distribution is correct, while both uniform distribution and inverted triangular
distribution are not sufficient to predict the storey shear force for superstructures
with relatively high damping ratio. York method can produce better results for me-
dium damping ratio. However, with increasing the equivalent damping ratio, the dif-
ference between the predicted and the exact storey shear force increases. There-
fore, much work needs to be done to get insight into the distribution of storey shear
force in multi-storey base-isolated buildings.
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The present research investigates the equivalent linearization of base-isolated
buildings with bilinear isolation system, in order to maximize the estimation accura-
cy of the simplified analysis method. From simplicity to complexity, the study is car-
ried out based on the assumption of SDOF and MDOF systems, respectively. To
provide a unitary framework, a detailed literature survey about the topic of seismic
base isolation system is firstly presented. Then, the prediction accuracy of various
equivalent linearization methods was evaluated based on parametric analyses. Af-
ter that, to improve the estimation accuracy, an improved formula of equivalent
damping ratio is proposed for SDOF bilinear systems. With this expression of
equivalent damping ratio, more comprehensive study is conducted for MDOF base-
isolated buildings. Accordingly, another improved formula for equivalent damping
ratio is derived for MDOF systems through correcting the formula used for SODF
systems. Finally, several equivalent linearization methods, including R&H method
and the proposed methods, are examined in equivalent linear analysis of base-
isolated buildings and an effective equivalent linearization method is presented for
structural design of base-isolated buildings, at least in the preliminary stage.

Conclusions

On the basis of the findings of the literature reviews, analyses and derivations car-
ried out, and the approaches presented, the conclusions are drawn as following:

Base isolation systems, as one of the most effective way to mitigate seismic
risk, have been widely applied in worldwide. They have become very ma-
ture technique and can provide many benefits, not only in the structural per-
formance but also in the cost effectiveness.

To simplify the design process of base-isolated buildings, many approxi-
mate methods are recommended in many specifications. Equivalent lineari-
zation analysis method can be considered as an effective tool for the analy-
sis of base-isolated buildings.

In general, equivalent linearization methods are performed based on the
maximum displacement response. In other words, the accuracy of predict-
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ing the maximum displacement of isolation systems can be used to exam-
ine various equivalent linearization methods.

The estimation accuracy is strongly related to different assumptions when
various equivalent linearization methods are derived or fitted. It can be
found that the method that best simulates a given hysteresis type may not
be the best one to emulate the response of other hysteresis types.

Of all the equivalent linearization methods investigated in this research,
R&H and B&P methods yield the highest accuracy for high and low ductility
ratios, respectively. For other approximate methods, special attention
should be paid due to the probable deviations caused by different levels of
initial period or inelastic deformation.

To get more accurate results, period ratio computed based upon secant
stiffness could be a desirable alternative and equivalent viscous damping
ratio should first increase and then decrease as the ductility ratio increases.
However, not only the variation trend but also the quantitative values of
equivalent linear properties should be taken into account when deriving a
better method.

Although an equivalent linearization method produces a high accuracy of
estimation will also show a low standard deviation, the opposite is not al-
ways true. So, when an equivalent linearization method is derived, the es-
timation accuracy should be considered firstly.

Recommended in recent structural codes and derived based upon the con-
cept of secant stiffness and equal energy dissipation rule, R&H method un-
derestimates the maximum inelastic displacement on average 20 per cent
for systems with displacement ductility ratios less than 10. However, for
high ductility ratios, this method provides satisfied accuracy to estimate the
actual maximum nonlinear deformation.

Since B&P method is derived based on ductility ratios up to 6, better accu-
racy could be always obtained for low ductility ratios than that for high ones.
Although the strain hardening ratio in B&P method is assumed to be 0.2, it
can be observed that better results can be produced for lower strain hard-
ening ratio.
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The optimal damping ratio for SDOF bilinear systems first increases and
then decreases as the ductility ratio increases. With increasing the initial
period and strain hardening ratio, the optimal damping ratio decreases.

To propose an improved equation of equivalent damping ratio, modification
of R&H method by introducing a factor may be an appropriate option be-
cause of the theoretical background of this method. Furthermore, the
boundary conditions and variation trends of equivalent damping ratios can
be guaranteed.

The proposed method for SDOF bilinear systems (Liu | method) accurately
predicts the influence of various parameters, such as strain hardening ratio,
initial natural period and ductility ratio, on the determination of equivalent
damping ratio.

Based on Liu | method, most of mean approximate to exact displacement
ratios range from 0.90 to 1.10, which indicates the relative error between
approximate and exact maximum inelastic displacement is less than 10%.

Validated using the other twelve earthquake ground motions, satisfied accu-
racy could be also produced by Liu | method. In addition, the computed co-
efficients of variation are even less than that obtained from the origin seis-
mic loads, indicating high robustness of Liu | method for general SDOF
bilinear systems.

Considering the MDOF base-isolated buildings, incorporation of Mass-
proportional damping in the superstructure damping will result in undesira-
ble suppression of the first mode response of base-isolated buildings. As a
remedy, Stiffness-proportional damping instead of Rayleigh damping
should be applied to the superstructure of base-isolated buildings.

Estimation accuracy of R&H method for MDOF systems is significantly in-
fluenced by the height (or the period) of the superstructure. Larger errors
can be obtained for relatively short initial period and for relatively low ductili-
ty ratios because of the small ratio of the equivalent period to the super-
structure period. In other words, the MDOF systems cannot be simplified to
be SDOF systems and high mode effects should be taken into account.
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Similar results can be observed when Liu | method is used. Therefore, both
R&H method and Liu | method are not able to predict satisfied estimates of
the maximum displacement of isolation interface.

The optimal damping ratio in general decreases with increasing the initial
period of isolation systems. However, it first increases and then decreases
as the ductility ratio increases except for isolation systems with relatively
short initial periods. Significant change in the optimal damping ratio hap-
pens when short initial period is considered. But, for the cases with long ini-
tial periods and high ductility ratios, the influence of different superstruc-
tures is not so remarkable.

Plotted against the ratio of equivalent period to superstructure period Teq/ T,
It is found that the optimal damping ratio is underestimated when the ratio
Teo/Tio is close to 1. For large Teq/Tss,, the optimal damping ratio can be con-
sidered to be those computed by Liu | method.

As a function of Tey/T, a factor is introduced to Liu | method to further im-
prove the estimation accuracy of equivalent linearization method for MDOF
systems. The newly proposed method (Liu Il method) is able to take into
account the influence of both isolation systems and superstructures and the
prediction accuracy of isolator displacement is significantly improved.

Regarding the coefficients of variation, results from Liu methods are compa-
rable to those from R&H method not only for SDOF systems but also for
MDOF systems. Thus, Liu methods didn’t increase the dispersion of results
while improving the prediction accuracy.

In structural codes, the permission of equivalent linearization method is
dominated by requirement of equivalent stiffness. Seismic isolation systems
with high values of strain hardening ratio and ductility ratios are suitable for
the procedure of equivalent linearization. However, in most cases, equiva-
lent linearization of seismic isolation system is not permitted.

Thus, to apply the code-recommended method (R&H method), several re-
quirements should be met. But, adjusting the bilinear properties of seismic
isolation system so as to satisfy the limited condition may become very in-
convenient. In addition, the selected isolation bearings may be unavailable
on the market.
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For SLA, Liu | method could yield more accurate results than R&H method.
More important, Liu | method has no additional requirements in the applica-
tion of equivalent linearization analysis method.

For RSP analysis, the maximum displacement of the isolation systems is
significantly underestimated by both R&H and Liu | methods. But, smaller
errors can be obtained by Liu | method than R&H method.

LTHA always predicts better maximum displacement of the isolation inter-
face than other analysis methods because the combined use of the iteration
procedure and damping reduction factor ( ), as is used in the current de-
sign practices, may result into the loss of prediction accuracy. But, if the in-
vestigated base-isolated building is very complicated, the application of
LTHA with equivalent linearization method may require an exorbitant
amount of time.

As a remedy, SLA in combination with Liu | method could be used for anal-
ysis and design of base-isolated buildings, at least in the preliminary stage.
In addition, Liu | method could present better results than R&H method in a
wider parameter space. Therefore, the requirements specified in codes
could be omitted.

Distribution of lateral shear force along the height of superstructure is
strongly related to the properties of both isolation system and the super-
structure. Both uniform distribution and inverted triangular distribution are
not sufficient to predict the storey shear force for superstructures with rela-
tively high damping ratio.

PSC method, resulting in the storey shear forces between those from uni-
form distribution and inverted triangular distribution, does not remarkably
improve the accuracy in predicting the storey shear distribution along the
height of superstructure.

It is seen that York method presents relatively good results for medium sto-
rey number when compared with other methods. But for superstructures
with large storey number and high damping ratio, the storey shear forces
are underestimated in low storeys and overestimated in high storeys.
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Due to the good accuracy for bilinear systems with both low and high duc-
tility ratios, Liu | method can be used not only for base-isolated buildings
but also for other buildings with small ductility ratio when applying direct
displacement-based design (DDBD).

Recommendations for Future Investigations

Although the present study investigates various equivalent linearization methods
and proposes improved equivalent linearization methods for SDOF and MDOF bi-
linear systems, respectively, to properly perform equivalent linear analysis of base-
isolated buildings there are still many factors and uncertainties need to be ad-
dressed.

196

The hysteretic behavior of isolation systems is assumed to be bhilinear. Oth-
er hysteretic models should be also addressed using the similar process in
the future research.

Equivalent linear analysis of 3-Dimension base-isolated buildings needs to
be investigated as well as the potential torsion effect.

The vertical action of ground motions should also be examined, which could
cause the over-turning of base-isolated buildings. Specifically, for friction
pendulum bearings, normal force during the earthquake has significant ef-
fect on the friction coefficient, thereby influences the global performance of
isolation system.

This study assumes the inherent viscous damping of isolation systems is
zero (i.e., o = 0). But, the effect of inherent viscous damping on the pro-
posed equivalent linearization methods should be examined.

As mentioned by many researchers, determination of equivalent damping
ratios is significantly related to the characteristics of inputted earthquake
ground motions, for instance, the near-fault ground motion effects. However,
this is not considered in the present study and could be studied in the future
work.

It is found that none of the existing methods is able to accurately estimate
the lateral force distribution along the height of superstructure in base-
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isolated buildings. Much work needs to be done to propose a more precise
model for the distribution of storey shear force.

To compare the results from response spectral analysis and time history
analysis of base-isolated buildings, earthquake ground motions should be
scaled to match the target response spectrum. How to apply the scaling
procedure so that both results are comparable could be interesting.

To perform equivalent static linear analysis of base-isolated buildings,
damping reduction factor is often involved. How to properly determine the
damping reduction factor is very important to the accuracy of equivalent lin-
ear analysis and could be another interesting research topic.
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