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Abstract. Ground motions recorded in near-fault areas have some specific characteristics
that differ substantially from those recorded in far-fault regions. One of the main features of
near-fault records is the pulse-like shape caused by forward-directivity effect. This peculiarity
may lead to much more severe damage to bridge structures located in near-fault regions.
However, both current Chinese and European codes for seismic design of highway bridges
nearly have no consideration on near-fault seismic actions. In this study, typical regular
highway bridges in China are idealized as single-degree-of-freedom (SDOF) systems. Then,
the Makris mathematical model for the pulse-like records is used to perform a parametric
analysis on a settled SDOF system. Effect of key parameters, such as the half-pulse number
(n), fundamental period (T,), pulse period (T,) and the peak velocity (V,) from the
mathematical model, on responses of SDOF systems are analyzed. The potential degradation
phenomenon which might happen under near-fault earthquake ground motions is also
considered by comparing the ductility coefficient spectrum. The results show that all the key
parameters had a significant effect on both linear and nonlinear response spectrum and
seismic response. The stiffness degradation phenomenon will lead to a larger ductility
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coefficient and the Vp is the most effective factor for the response under the near-fault
mathematical input.

1 INTRODUCTION

Near-fault (NF) ground motions recorded in recent major earthquakes (1994 Northridge,
1999 Chi-Chi, 2008 Wenchuan and 2016 Central Italy earthquake) exhibit significant pulse in
their velocity time histories. According to the literature there are mainly two phenomena
which can cause pulse-like records: rupture directivity and fling-step. Rupture directivity
effect usually happens when the fault rupture propagates towards the site with a velocity close
to the shear velocity Vs [1], and it typically shows an intense double-side pulse in the velocity
time history at the recording site. Fling-step is the permanent static displacement caused by
tectonic offset characterized with a single-sided velocity pulse, so that integration results in a
permanent offset in the displacement time history [2]. In comparison with the ordinary
earthquake records, the NF pulse-like records concentrate most of energy in a narrow
frequency band and can lead to larger elastic spectral demands especially for structures with
periods close to the velocity pulse period [3][4]. The pulse features also lead to more severe
inelastic demands to the SDOF system [5][6]. These observations highlight the importance to
study structures subjected to NF pulse-like ground motions.

In this regard, researchers presented a series of mathematical models for the NF pulse-like
record to remedy to the lack of original earthquake records. These mathematical models can
not only represent the main effect of the NF pulse-like models, but also establish a predictive
relationship with the key parameters extracted from the ground motion. Although with
different expression form, the most widely used models can be divided into 3 types:

e Type I - The simple function type. Somerville [7] first identified the pulse as impact
to analyze its effects on structures, a regression formula composed by a factor of
pulse period, pulse peak value, magnitude and fault distance is put forward. On this
basis, Krawinkler and Alavi [8] improved the expression as P2 style model with the
rectangle acceleration shape; the expression model can represent the significant
response character of NF pulse-like records according to the analysis results.
Jennings [9] modified the pulse effect with a linear function to get an analytical
solution on the SDOF system in the elastic case and the results showed that the
largest displacement may not happen when structural period is equal to pulse period,
but the structure can show larger responses at lower frequencies.

e Type II - The trigonometric function type. Makris [10] categorized the NF pulses into
3 different trigonometric functions of different periods; this combination could
provide an ideal result to modify the main component of the NF pulse-like records.
Xin-le [11] compared some existing models for near-fault velocity pulses and
proposed an improved one on the base of the formula presented by Makris.

e Type III - The exponential function type. Menun and Fu [12] proposed a
five-parameter model consisting of exponential and sine functions, for any
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specified near-fault record it could be established by nonlinear regression method.
He and Agrawal [13] improved the model by expressing the shape of secondary
half pulse thus obtaining a more complex form of the mathematical model which
has new parameters.

In this paper, as an alternative to current approaches, Makris mathematical model is used to
modify the main pulse component choosing as key parameters the half-pulse number (n), the
pulse period (7},) and the peak velocity (V,). Aiming at the regular highway bridges, Clough
hysteretic model is used to build the nonlinear behavior of the pier. Sensitivity analysis is
performed both in the elastic and inelastic case, the interactions between the key parameters
are compared by means of orthogonal experiment design method, and the distribution map of
displacement and acceleration for the SDOF system is provided and discussed.

2 SDOF MODELLING AND MAKRIS MODEL

Based on the samples statistics of the Chinese seismic design code [14], a 3-span
continuous bridge is selected to build the representative model for SDOF system (Fig.1-a).
Focusing on the longitudinal direction, the bridge can be characterized by the response of a
single pier with a frame of continuous girder on its top. The fixed pier is formed by a 1.2 m
diameter circular column adopts 0.8% reinforcement and 0.7% transverse reinforcement. The
yield and ultimate moment-curve relationships are calculated on the designed parameter by
XTRACT [15], then the Clough model is chosen to modify the nonlinear hysteric behavior of
the pier.

The Makris mathematical model used a 3-parameter trigonometric function form (n, 7, and
V,). Usually these parameters are extracted from natural ground motion records. However,
without the consideration of the high frequency component of the earthquake records, there
can be a large difference between the mathematical model spectrum and original earthquake
record spectrum for short period structures.

Based on the NF pulse-like shape, the record from Northridge earthquake recorded in
Newhall site is selected as the simulation basis; the least square regression method is used to
get the minimum spectrum difference with the consideration of the most representative period
range for bridge structures, then the key parameters extracted are set as: n=2, 7,=1.5s and
V,=90 cm/s. Eq.1 and Eq.2 show the velocity and acceleration time history expressions where
w, 1s the frequency parameter relevant with the pulse period.

V(t)=-V, sinf (1)

A(t)=-V,w, cos(w,1) (2)
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Fig 1: The modified SDOF system and the Makris input.

According to Fig.1-b the generated mathematical model can provide a good effect to
modify the main component of the velocity pulse. Fig.1-c shows the comparison between
acceleration spectra of both pulse-like records at 5% damping ratio. The difference between
the spectra is acceptable for the analysis.

2 ELASTIC SPECTRUM ANALYSIS

The response spectrum is an important tool for expressing the excitation response
relationship between earthquake engineering and seismic design. In order to capture the
salient response features of pulses, several studies have examined the response spectra of
single-pulse or separate pulse [16][17], but a systematic analysis of the pulse parameters has
not been performed.

2.1 General solution to the dynamic equation

After the mathematical model and SDOF system are set up, the general solution to the
dynamic equation can be solved with a two-part solution. The first part is the homogeneous

solution for the equation as iz (¢) and the second part is the particular solution asu’ (¢).

(1) +2&wai(t) +wo'u(t) ==Vw, cos(w,t) =iis(t)  (0,75) 3)

u()="u(# “u “4)
For the first part, setiz(¢) = Ce” for the homogeneous solution, Eq.3 can be written as:

2 2

Based on Eq.5 the parameter A can be solved as:
A=w(=£ &7 1) (6)

Setw, =w,41-&" , under low damping condition the Eq.5 can be expressed as:

A==Ew, tiw, (7)

2122



Hai-Bin Ma, Wei-Dong Zhuo and Gabriele Fiorentino

Therefore, the final homogeneous solution foru () is the expression in Eq.8
i(t)y=e """ (A cosw,t+ A sinw,t) (8)
For the second part, the particular solution can be set as the Eq.9 base on the formula.
u’(t) = B cosw,t+B,sinw 9)
Combined with Eq.3 The Eq.9 can be transformed

(—Blwp2 +2w,éw,B, + B, w, + Vw, )cosw,t+ (—Bzwp2 -2BSéw,w, + B,w,’)sin wit=0 (10)
Set (—Blwp2 +2w,Ew,B, + Bw,’ +Vw,)=0 and —Bzwp2 —2BSw,w, + B,w,” =0

. . \% w
The solution for By and B; is can be expressed as follows where u , = Ve and f=—1L
Wo Wo

B =—-u,- 1_2ﬂ2 53 By=—u,- 26 2
(I-47)" +(2SP) (1= 42) +(28P)

With the initial statement of the SDOF system (u,,, =0,u,  =0), the solution for A; and

first first

A, can also be solved.

g -1

C s1+5)
u (1_ﬂ2)2+(2§ﬂ)2 ’ ?) (CE+DP)=u (11)

-7+ (288

Above all, the displacement response for the SDOF system under the chosen mathematical

A==C=

model can be expressed as Eq.11
u(t) =e =" (A coswyt + A, sinw,t) +C cos w,t+Dsinw,t (12)

The acceleration response for the SDOF system can be obtained by deriving twice the
expression of u(t).

i) =w, e " [(EP A +2EA — A)sinwyt +(E°A —2EA, — A)coswyt]- w2 (Ccosw,t+Dsinw, ) (13)

2.2 Sensitivity analysis

(1) Half-pulse number effect (n)

Even for the typically NF earthquake event, the half-pulse number has a certain
randomness. Based on the summary statistics for the typical NF pulse-like records, commonly
half-pulse numbers range from 1 to 3 [18]. Makris model mainly considers values of 1 or 2
for the half-pulse number which correspond to the fling-step effect and the rupture directivity
effect. According to the mathematical model assumption the half-pulse number effect is
analyzed. Fig.2 (a) shows the acceleration time-history input, the related NF effect is used to
describe the relevant half-pulse number effect.
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Fig 2: The comparison between the mathematical models of different half-pulse number.

Fig.2(b) and Fib.2(c) show the response spectrum of the mathematical models for different
half-pulse numbers, the rupture directivity effect acquired a higher value both in acceleration
and displacement spectrum. When compared to the fling-step, the rupture directivity can
make the acceleration spectrum acquire the largest value at a longer period and lead
displacement spectrum with a decrease section of pulse-like shape. Both the results show that
the largest response may not happen at the same period of the pulse; this trend is also
consistent with the Jenning's former research conclusions [9].

(2) Peak velocity effect (V)

In the Makris mathematical model, both V, and 7, will influence the input acceleration
directly according to Eq.2. For this case, one parameter should be established as a first
invariant during the analysis. During the V), effect analysis 7, is assumed to be fixed at 1s
based on the original earthquake records. V, ranges from 30cm/s to 180 cm/s at a spacing of
30cm/s with the number V,,;~V,s, as a consequence the PGA for the input ranges from 0.13g
to 0.77g as depicted in Fig.3(a).
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Fig 3: The comparison between the mathematical models of different peak velocity value.

Fig.3 (b) and (c) showed the effect of V, on the response spectrum. The peak spectrum
value follows a linear correlation based on the uniform distribution with the V), spacing. As the
V, changes, the peak acceleration spectrum value increases from 0.33g to 1.93g and the peak
displacement spectrum value increases from 18.19 cm to 110.99 cm which indicates severe
damage to the structures.
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(3) Pulse Period effect (7))

T, is another important parameter for mathematical models; in Makris model it influences
not only the peak value of acceleration but also a very important intensity measure value
which is PGV/PGA. Liao first point out that PGV/PGA>0.2 can be a representative character
of the NF pulse-like records [19]. However, in Makris model the PGV/PGA ratio can be
obtained as function of 7), as described in Eq.14.

PGV /PGA=V, IV w=T, /2n (14)
To analyze the T, influence, an initial V, value of 75cm/s is set as a constant. While 7}, is

ranging from 1s to 3.5s at a spacing of 0.5s, the PGV/PGA ranges from 0.16s t00.56s at a
spacing of 0.08s and the PGA for the input ranges from 0.56 t00.16g as depicted in Fig.4 (a).
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Fig 4: The comparison between the mathematical models of different pulse period.

Fig.4 (b) and (c) show the T, effect on the response spectrum. The peak value of the
displacement spectrum increases with the spacing 7, however the peak value of the
acceleration spectrum shows a decreasing trend; the peak value of the spectrum is not
consistent with the pulse period. Although the PGA for the input decreases, the spectrum still
gets a larger value during the longer period part and also a larger displacement response; this
effect will increase the seismic demand especially for long-period structures.

2.3 Comparison with Seismic Design Code

The standard response spectrum in current design code is based on a vast calculation of
original earthquake records with the combination of engineering experience. UBC-97 was the
first seismic design code to take into account this special kind of seismic records. In fact, with
the near-source factor C, and C, coordinate with the site condition, spectrum shape can be
changed to adjust the NF earthquake [20]. The current Chinese seismic design code and
Eurocode 8 are mainly based on the elastic spectrum design theories which focus on far-field
earthquake records. On this basis some researchers proposed optimized methods to adjust the
special effect of the NF earthquake. One of the representative methods proposed by Xu is to
enlarge the platform segment for long period structures and modify the maximum spectrum
value according to the regression from the records [21]. In order to compare the main
spectrum caused by the NF pulse-like record, we selected 50 records from PEER earthquake
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data base with significant velocity pulses [22]. NSPECTRA, a software developed by Buftfalo
University, is used to calculate the mean spectrum value to compare with seismic design code
spectrum [23].

3.5 —— 50 Original Near-Fault Input
—— Chinese Design Code
Xu, 2005
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Fig 5: The spectrum comparison between the mathematical models and different design codes of Chinese Design

Code, UBC-97 Design Code, Eurocode8 and Xu's improved design code.

Based on the comparison UBC-97 can provide a higher seismic security with £ ., value at
2.5 however the Chinese design code spectrum is relatively low at a 8, value of 2.25. The
peak spectrum of fling-step effect is lower than the UBC-97 design value and the rupture
directivity effect lead to a value larger than all design code spectra values; the Eurocode 8 can
provide a better consideration when compared with Chinese Design Code however is still
limited for the NF effect; the mean value of original records acquires a larger long-period
component around Is as the rupture directivity effect spectrum. Xu's improved design
spectrum considers long-period structures but is still not capable to cover the original records
spectrum. With the definition of the near-source factor, UBC-97 can provide a good
requirement for the NF earthquake.

3 INELASTIC SPECTRUM ANALYSIS

Because of the limited amount of natural NF pulse-like records, structures have an inelastic
behavior which can cause damage due to the lack of appropriate design. Chopra's research
proved that the equation for the ductility still can be used during the NF seismic event. the
nonlinear response spectrum can be divided into 2 types: the constant-ductility strength
demand spectrum and the constant-strength ductility spectrum. With the chosen parameters in
NSPECTRA, the constant-strength ductility spectrum is selected with different values of the
strength reduction factor. According to Chopra’s definition, the strength reduction factor R, is
defined as the ratio between yield force f, and the maximum force fj of the elastic case, the
ductility coefficient # is the ratio between the maximum inelastic displacement u,, and the
yield displacement u,, the uyis the maximum displacement of the elastic case [24]. Then the
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ductility coefficient #can be deduced as described in Eq 15 and Eq 16.
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Fig 6: The hysteric model for the SDOF and the nonlinear response spectrum.

Fig.6 (a) shows the hysteretic behavior under El Centro earthquake record (1940, N-S) .
The hysteretic force is scaled with the ratio of mass. The Nonlinear spectrum depending on
different values of the strength reduction factor is depicted in Fig.6 (b). The ductility
coefficient rises as the strength reduction factor grows and the ductility coefficient spectrum
still has a pulse-like shape as the elastic spectrum. When the structure period is longer than
the pulse period (7,=1s) the ductility coefficient spectrum has an almost constant part when
compared with the short-period part. The input energy for the NF pulse-like records is defined
as the sum of the kinetic energy, the damping energy and the hysteretic energy, the
predominant spectrum period becomes shorter as the reduction factor increases as in Fig.6 (c).

3.1 Effect of parameters on the inelastic spectrum

(1) Effect of the variation of the half-pulse number (n)
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Fig 7: The nonlinear response spectrum under half-pulse number effect.

In this section the variability of the spectra depending on the half-pulse numbers is
described. The nonlinear spectrum for values of the strength reduction factor R of 2, 3 and 4 is
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evaluated (Fig.7). The ductility coefficient spectrum and the input energy spectrum show a
pulse-like shape distribution and the predominant period is similar to the different R level. If
the ductility spectra for different values of n (n=1, n=2) are compared, it is possible to point
out that the peak #value is quite similar for R=2 for the different half-pulse numbers, while
the difference grows as the value of R increases. By making the same comparison for the
hysteretic energy ratio spectrum, it can be observed that it shows an overall decreasing
tendency, while during the long period the single-pulse input acquires a higher hysteretic
energy ratio.

(2) Peak velocity eftect (V)
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Fig 8: The nonlinear response spectrum under V, effect.

The nonlinear ductility spectra at a peak velocity of 40 cm/s, 70 cm/s and 110 cm/s are
calculated with a fixed value of T, based on the mathematical background. According to the
distribution for different R values, V), has a significant impact on the input energy, however
there is a weak influence on the ductility spectrum and the hysteretic energy ratio spectrum,
the influence of V), is more significant with longer structure period and stronger strength
ductility factor.

(3) Pulse period effect (7,)
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Fig 9: The nonlinear response spectrums under 7), effect.

Based on the mathematical background, the nonlinear ductility spectra at a pulse period of
2s, 3s and 4s are calculated with fixed value of peak velocity. According to the distribution
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depicted in Fig.9, T), has a more significant effect on the nonlinear spectrum than V), . For the

same value of R, the maximum value of Zremains almost constant while the predominant

period and input energy gets larger as 7}, increases; the hysteretic energy ratio has a decreasing

tendency as Ty grows, for all values of 7),.

3.2 Different hysteric model effect
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Fig 10: Different hysteretic model for degradation and pinching.

During the NF strong ground motion the attenuation of the earthquake energy is not
remarkable due to the short transmission distance. This fact can cause stiffness degradation,
strength degradation and pinching effect for the inelastic behavior. By modifying the
degradation parameters in NSPECTRA presetting, the different hysteretic models for

degradation and pinching can be expressed. For the sake of simplicity, the comparison is

carried on in the cases of non-degradation, medium and severe degradation in accordance

with degradation parameters in NSPECTRA presetting.
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Fig 11: The nonlinear spectrum for different hysteric models.
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Fig 12: The input energy spectrum for different hysteric models.

The Nonlinear spectrum and the input energy spectrum for different degradation hysteretic
model are listed in the Fig.11 and Fig.12. According to the distribution results, pinching effect
and stiffness degradation are the most significant effects for the maximum value of the
ductility coefficient; strength degradation effect on ductility coefficient is relatively lower but
it cannot be neglected. The input energy for stiffness degradation and strength degradation
remains similar with a pulse-like shape, however the input energy has a tendency to increase
in pinching effect during the long structure period.

4 SEISMIC RESPONSE ANALYSIS

The response spectrum represents a convenient tool which summarizes the peak response
of all possible SDOF systems to a particular ground motion. However, it also neglects some
important information contained in the response time history, which are valuable for
structural design analysis. Therefore, it is necessary to examine the waveform characteristics
of the response time histories of the SDOF system subjected to the excitation of these special
types of pulses. During the sensitivity analysis for the peak time history values, the Vp is
assumed ranging from 15c¢cm/s~300cm/s with a spacing of 15cm/s and 7, ranging from
0.5s~10s with a spacing of 0.5s based on the Northridge mathematical model.
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Fig.13 Peak value for the time-history result under Vp effect.
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As the PGA value increases as the Vpgrows from the Makris mathematical model, the
peak value for the SDOF time-history response follows a linear increase tendency both for
acceleration and displacement. The joint displacement increases from 0.02m to 0.60m and the
joint acceleration increases from 0.06g to 1.70g significantly as Vp ranges from 10cm/s to
300cm/s which indicates the direct linear effect of Vpon structures according to the Makris
mathematical model.

(b) Pulse Period Effect (7))
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Fig 14: Peak value for the time-history result under T effect.

Fig.14 shows the distribution of the peak SDOF reaction with the increased 7p. The joint
displacement follows a complex sine function form and the joint acceleration follows an
exponential distribution. During the elastic case the two components of the analytic solution
discussed in Eq.11 have different dominant pulse periods, while the peak displacement
appears at the pulse period for 7,,=1s. The joint displacement acquires the maximum value of
0.13m at the pulse period of 1s as the joint acceleration decreases from 1.68g to 0.05g.

S THE INTERACTION ANALYSIS

With the exception of the direct effect on the SDOF seismic response of key parameters
from the mathematical model, the interactions between the key parameters haven been often
neglected in past studies. In order to investigate these interactions, orthogonal experimental
design method is used to compare the key parameters. Ty, V, and T, are selected as the base
factors and a sensitivity analysis is done by choosing 3-level value with uniform spacing for
each parameter. The proposed factor and level details are listed in Tab.1, then the orthogonal
form Ly; (3'") can be selected to carry out the calculation by 27 samples of parameters at
different levels. To avoid the mix of advanced interactions in this work, we only consider the
primary interactions (Tab.2).

There are two steps for analyzing the results: range analysis and variance analysis. The
range analysis assumes that when focusing on one impact of the factor, the influence of other
factors on result is balanced. Tthe variance analysis is used to estimate the relative
significance of each parameter in terms of contribution percentage to the overall response.
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This paper does not present the calculation processes of mean and range, the details of which
can be found in [25].

For the range analysis, it consider the values of 7;, R andX,, the T;data is obtained by
summing the drift ratio of factors at the same level, R is the value for each factor calculated
by finding the difference between the maximum and minimum values, X, is the average
value of T;base on the calculation time and the T is the summation of all values. For example,
if levels for focused factor are assumed as A, B and C for each factor in Ly; (3'') the
calculation time is 9, then the X, value can be calculated as Eq 17.

)71- = (A1+A2+A3+. . +A9)/9 (17)

For the variance analysis, it considers the sum of squares, degrees of freedom, F variance
ratio, F standard value and the significance where SS represent the summation of the squares,
df represent the freedom degree, MS represent the average sum of squares and F represent the
significance indicator [25]. The F standard value is determined from an F-table for a given
statistical level of significance. If the F variance ratio ranks higher than the F standard value,
the corresponding factor will have significant contributions to the overall results. The tables
for various significance levels and different degrees of freedom are available in most
handbooks [26].

Factor Fundamental Pulse Velocity Pulse Period
Level period Ty (s) V, (cm/s) T, (s)

1 1 100 3

2 200 6

3 3 300 9

Tab 1: The selected factor at different levels.

Number 1 2 3 4 5 6 7 & 9 10 11 12 13
Factors T, 'V, ToxV, T, TyxT, VpoxT,

Vacancy

Tab 2: The Label details for the L,7(3'") experiment design.

Tab.3 and Tab.4 show the range and variance analysis for the calculation of joint
acceleration response, where the 7;is the summation results of the data at same level, T is the
sum of all 27 results of the experiment, X, is the mean value of the same level results, R; is
the maximum difference value of Xx;, SS is the sum of the squares, df the degree of freedom,
MS the average sum of squares and F is the significance indicator.

According to the range and variance analysis for the joint displacement, T) and V), are the
most significant factors according to the significance indicator value when compared with the
F distribution for a = 0.1; TyxV, is the strongest interaction with the significance indicator
value larger than F distribution at =0.1; The other interactions are not so strong based on the
joint displacement data. Tab.5 and Tab.6 show the range and variance analysis for the
calculation of joint acceleration response. When compared with the joint displacement, the
acceleration data can provide a better evaluation with a larger significance indicator F value.
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Effect factors

Indicator

Ty v, ToxV, T, ToxT,  V,xT,

T, 7.81 5.97 12.31 8.03 10.79 11.11

T 1.59 10.09 10.63 1.26 12.04 11.22

T; 13.05 15.10 8.90 11.60 8.20 9.57

X 0.87 0.66 1.37 0.89 1.20 1.23

x, 1.18 1.12 1.18 1.36 1.34 1.25

x, 1.50 1.68 0.99 1.29 0.95 1.06

R; 0.63 1.01 0.37 0.47 0.39 0.18
7=31.9

Tab 3: Displacement range analytical data: summation of the data at same level, maximum difference value

and the average value of summation.

Indicator SS df MS F Significance
Ty 1.799 2 0.8995 8.076 ok
V, 3.983 2 1.9915 17.881 *x
TyxV, 1.445 4 0.36125 3.243 *
T, 1.115 2 0.5575 5.163 *
ToxT, 0.745 4 0.18625 1.672
V,xT, 0.532 4 0.133 1.194
Deviation 0.89 8

Fo.05(2, 8)=19.37,
Fo.05(4, 8)=6.04,

Fo.1(2, 8)=9.37,
F0.1(4, 8):395,

F0.25(2,8):3.35
F0.25(4, 8):208

Tab 4: Displacement variance analytical data: summation of the squares, freedom degree, average sum of

squares and significance indicator.

Effect Parameters for the sensitivity analysis

Index

To v, ToxV, T, ToxT,  V,xT,
T, 2.27 0.86 1.68 2.43 1.98 1.62
T 1.69 1.77 1.72 1.65 1.77 1.70
T; 1.33 2.59 1.90 1.22 1.45 1.98
x 0.25 0.10 0.19 0.27 0.22 0.18
x 0.19 0.20 0.19 0.18 0.20 0.19
%, 0.15 0.29 0.21 0.14 0.16 0.22
R; 0.10 0.19 0.02 0.13 0.06 0.04

T=5.29

Tab 5: Acceleration range analytical data: summation of the data at same level, maximum difference value and

the average value of summation.
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Indicator SS df MS F Significance
Ty 0.050 2 0.0250 25.0 ook
V, 0.153 2 0.0765 76.5 ook
ToxV, 0.003 4 0.0008 1.50
T, 0.083 2 0.0415 41.5 ok
ToxT, 0.021 4 0.0053 5.25 *x
VoxT, 0.017 4 0.0043 4.25 *x
Deviation 0.010 8

Foos(2, 8)=19.37, Foi(2,8)=9.37, Foas(2,8)=3.35
Fo.0s(4, 8)=6.04,  Fo.1(4,8)=3.95, Fo2s5(4, 8)=2.08

Tab 6: Acceleration variance analytical data: summation of the squares, freedom degree, average sum of squares

and significance indicator..

Based on the range analysis, the order of significance of the parameters which influence
the SDOF joint acceleration response is V,>T,>Tp>ToxT,>V,xT,>TyxV,. The significance
analysis for both displacement and acceleration provides similar results. When comparing the
effect of a single parameter, the influence of interactions is relatively low. Among the
interaction effect, ToxV, is the weakest and the significance value is less than the F critical
value for a=0.25; the interaction between the TyxT, and V,xT), is relatively strong with the
significance value larger than the F critical value for a=0.1. Therefore, the interaction between
the Ty<T, and V,,xT, cannot be neglected during the analysis for the SDOF acceleration. The
joint acceleration response allows better evaluating the influence of interactions and the order
of significance of parameters in comparison with joint displacement response.

6 OVERALL DISTRIBUTION ASSESSMENT
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Fig 15: The overall displacement and acceleration distribution map.

After the conclusion that V), has a linear effect on the structural response, for a further
comprehensive assessment, the overall displacement and acceleration distribution map are
listed in the Fig.15 with variable T}, and 7). The calculation result is based on 7, ranging from
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Is to 10s at a spacing of 1s and Tyranging from 0.1s to 10s with a spacing of 0.1s. According

to the distribution 7y/T), is still an important parameter for structural response, there is a crest

both in the displacement and acceleration distribution map that divides the diagram into two

parts. The displacement response is larger in Makris model with longer structurl period while

the acceleration reaction increases with a smaller structural period, both results are affected by
the ratio To/T),.

7 CONCLUSIONS

The Makris mathematical model provides a good modification effect to NF pulse-like
records; the analytical solution can be deduced by the dynamic equation for a SDOF
system.

The key parameters from the mathematical model can affect the seismic response of the
SDOF system both for elastic and inelastic behavior. Factor n and V), follow a positive
correlation tendency while the effect of 7}, is accompanied with sin-geometry and
exponential form to the joint displacement and acceleration.

Except the single factor effect, the interaction between the parameter factors cannot be
neglected. The interaction between ToxT), and V,xT), are quite significant.

The comprehensive function assessment for 3 typical SDOF systems are presented with
the joint displacement and acceleration, the distribution map can be used for engineering
seismic response analysis.

The number of SDOF samples and mathematical models can be expanded in the next step
of the research for a more accurate evaluation result.
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