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Abstract

The motion equation of a one-degree-of-freedom system when subjected to earthquakes is usually not solved by
analytic methods. This problem can only be solved through the time step method, when integrating differential
equations. This paper is devoted to presenting a numerical solution for a seismic analysis problem of a highway
bridge pier with high damping rubber bearings under earthquakes. Based on time-stepping Newmark’s method,
a numerical solution is developed to predict the seismic responses of the piers. The iteration Newton-Raphson
method is also applied in the problem for static analysis of this nonlinear system. The ground acceleration in
the analysis is the type- II earthquake in JRA 2004 (Japan Road Association). Further-more, high damping
rubber bearings are modeled by the two models: the bilinear design model and the rheology model proposed by
authors. After that, the stress responses and the displacement responses of the pier are obtained by a program
that is implemented in Matlab software. The comparison results obtained from the two models show that the
seismic responses of the pier strongly depend on the modeling of the rubber bearings. This is the important note
for engineers to design the earthquake resistance of bridges with high damping rubber bearings. The solution
is also a useful tool for engineers to predict the seismic responses of bridge piers in the design procedure.

Keywords: numerical solution; motion equation; seismic responses; earthquakes; high damping rubber bear-
ings.
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1. Introduction

An analytical solution of the motion equation for practical problems such as predicting the re-
sponses of houses or bridges under earthquakes is not possible because the excitation — ground ac-
celeration is complex to be analytically defined and is represented only numerically [1]. The only
practical approach for such systems involves numerical time-stepping methods such as the Central
difference method; Newmark’s method. These numerical methods are very useful for predicting the
dynamic response of nonlinear systems in engineering design practice.

Bridges are vital infrastructures, especially in emergencies like earthquakes. They are transporta-
tion lifelines of society for evacuation and aid when disasters occur. However, there were a lot of
bridge structures that collapsed in earthquakes in Kobe, Japan (1995) and Northridge, USA (1994)
[2]. Therefore, it is especially important to ensure the safety of bridges in the event of an earthquake.
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Recently, the base isolator has become a technique solution of construction in highly seismic ar-
eas [3]. Among many types of isolators, laminated rubber bearings are very popular in the world.
The laminated rubber bearings are three types: lead rubber bearings; nature rubber bearings; and
high damping rubber bearings (HDRB). HDRB are used widely in Japan due to their large strength
and high damping. Although HRDB has been used for several decades, the design analysis of struc-
tures with HDRB is still a complicated problem because the mechanical behavior of HDRB is quite
complex.

In this paper, a numerical solution based on Newmark’s method is developed to predict the seismic
responses of the bridge piers using HDRB under the type- II earthquake in JRA 2004 [4]. The Newton-
Raphson method is also employed in this calculation for static analysis of the nonlinear system. There
are some algorithms that are proposed and implemented in Matlab software [5]. Two models are used
for HDRB for the purpose of comparison. The comparison results show that the seismic responses of
bridges strongly depend on the modeling of HDRB. This is the important note for engineers to design
bridge structures with HDRB.

2. A seismic analysis problem of a bridge pier used HDRB under earthquakes

A multi-span continuous bridge in [6] is used in this analysis. The bridge is the continuous re-
inforced concrete (RC) deck-steel girder bridge isolated by HDRB provided at top of the RC piers.
The isolated bearings are positioned between the steel girders and top of the piers. The geometric
dimensions of HDRB in the prototype bridge are given in Table 1.

Table 1. Properties of HDRB

Particulars Specifications
Cross-section (mm2) 650 x 650
The rubber layer number 6

A rubber layer thickness (mm) 13.54

A steel layer thickness (mm) 2.3
Shear Modulus (Mpa) 1.2

In this analysis, the bridge superstructure is considered a horizontal rigid diaphragm, all the isola-
tors experience the same displacement and therefore can be lumped into a single equivalent isolation
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N’Il\

Deck mass, m I
Rubber bearing

HivRE

e

ground
— = ;
acceleration

Ground acceleration

Figure 1. The model of the single degree of freedom system for the bridge’s pier
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unit, the superstructure of bridge is simulated as a mass, m, the vertical displacement of mass is elim-
inated. Then the bridge pier can be simply modeled as a single degree of freedom system (SDOF).
The rubber bearing is assumed to be rigidly bonded to the substructure of bridges. The link between
the superstructure and the mass m is HDRB as Fig. 1. In this paper, HDRB is modeled by the bilinear
model in [4, 7] and the rheology model proposed by authors [8]. The comparison results will show
the modeling effect of HDRB on the prediction of seismic responses of the bridge piers.

In seismic design guides and specifications [4, 7], the elasto-plastic bilinear model is commonly
used for modeling isolation bearings in nonlinear dynamic analyses. The correct modeling of the
bridge is very necessary to predict the seismic responses of the bridges with HDRB. In particular, the
modeling of HDRB is very important for the bridges used. The bilinear model is shown in Fig. 2.
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(a) Force-displacement relation (b) Represented in a rheology model
Figure 2. Bilinear design model
The previous studies [9—14] have shown that ¥

the mechanical behavior of HDRB is strongly rate Y ‘ 7.
dependent with strain hardening at large levels. A : s, Ten
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However, the design model in [4, 7] cannot repro- B e s
duce this behavior of HDRB. In order to solve this Lo 'W\ LY T
limitation of the design model, the authors have B, b
proposed a rheology model of HDRB, which can Tle JFon
reproduce the rate dependency behavior of HDRB
in [8]. The proposed model is presented in Fig. 3. Yoo i Y Y

4 ,«,I J L Va
|

3. A numerical solution based on time-stepping

9
Newmark’s method Figure 3. The proposed model in [8]

In this section, the motion equation of the
SDOF system of the pier in Section 2 is solved by
Newmark’s method. For static analysis of the nonlinear SDOF system, the Newton-Raphson method
is developed in this calculation. The resisting force fb of the motion equation is determined by two
models: the bilinear model in [4, 7] and the proposed model in [8].
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3.1. A numerical solution of the motion equation of SDOF system

The motion equation at the mass, m point of the SDOF system as
mil+ciu+ fp=p (1)

where m is the mass of the upper structure and c is the damping coefficient of the upper structure. f
is the resisting force of HDRB, p is an external force (earthquake), u is the horizontal displacement at
the top of bearing.

a. Newton-Raphson Iteration

Considering a nonlinear equation to be solved in a static problem

fs W) =p 2)

The objective is to determine the displacement u due to the external force p, where fs (1) has a
nonlinear force-displacement relation.

Assume that after j cycles of iteration, u' is an estimate of the unknown displacement, and we
will develop an iterative procedure. This procedure will provide an improved estimate of u¥/*!.

afs

BN (i - i) 4 Lofs
u

L \2
5= Wt — Y 4 3)

ulh)

()0 = (f) +

uli)

If ' is near to the solution, to make change in u, AuD = b — u(j), will be very small and the
second and higher order quantities can be ignored, leading to the linearized equation

()90 ~ ()9 + & Au? = p 4)
0 .
where k(T] ) = ofs is the tangent stiffness at uh,
ou |, ‘
A residual force R is defined by the difference between the external force p and f;J )
RV =p- féj) — k(Tj)Au(j) (5)

The solution of the linear equation (5) is Au'”) and an improved estimated displacement;
WD = O 4 AL )

In order to check the solution in each iteration, and the repeat process will be stopped when the
error’s measure in the solution is smaller than a specified tolerance such as

IRV < &g (7)

b. The time-stepping procedure based on Newmark’s method

To develop Newton-Raphson iteration for dynamic analysis. The motion equation at the time i + 1
step

(/5)..,, = pi (8)
where
(J?S)i+1 = miljy1 + ctivy + (fp)i 9)
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with w1, 41, il;+1 Will be determined at time i + 1 step.
The dynamic analysis Eq. (8) has the same form as the static analysis Eq. (2). So, we can apply
the Taylor series expansion for Eq. (8), interpret ( ﬁg) as a function of u;4 as

+D ~\() afS O _

(f )1+1 (f )1+1 auH_] o —Au = Pix1 (10)
0 = ,W+b _ W
where Au™ = w7 - u

Differentiating Eq. (9) at the known displacement u(] ) to define the tangent stiffness
NC ) i i 8
(kT)Fi)lzafS —m O O (11)
i Ui Ouiv1 Oujyr Oujyy

. P . . i
The difference between the external force p;,; and ( fs )(J is defined as the residual force Rl(.fr)l

R, = it = (f5), = (kr) ) Au? (12)

A family of time-stepping methods are developed Newmark, these methods are based on the
following equations

i1 = i + (A0 i; + (0.5 — B) APii; + BAPiij (13)
i1 = u; + (1 —y) Atii; + (yA?) idjrq (14)
From Eq. (13), ii;+; can be expressed in terms of ;.|
1 1 1
iiv1 = ,8At2 (iv1 —ui) — Mﬂi - (% - 1)ﬁi (15)
Substitute Eq. (15) into Eq. (14), it;+1 can be expressed in terms of u;1
div) = l&(um —Mi)+(1 —%)ﬂi+At(1 - %)u, (16)
To differentiate Eq. (15) and (16)
oii 1
T 2
Ty m
Ouir1  BAL

Substitute Eq. (17) into Eq. (11) to obtain the tangent stiffness (/%T)Ei)]

A\ )
(kr ) = 5am* e + G0l (18)
where (kT)Ei)l is the bearing’s stiffness.

Substitute Eq. (15) and (16) into Eq. (9) then substitute (f5 )" into Eq. (12) to obtain the residual

(J)
force R,

. 1 .
)] )] Y )]
Rl+1 Pi+1 _(fb)i+1 —(ﬂAtzm'i'ﬁTAtC)(ul.H —I,t,')

[ errl-i
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: ()] : : ()]
The bearing force ( fb)l. 1 a1_1d bearing stlffness(kT)l. Y

can be obtained by the above two models
The seismic analysis based on time-stepping calculation procedure is described in Fig. 4
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a, Atomoce K K, .0 .5

|

To calculate constants
1 -
m+Lc
plary /5’-_\.r
] (
a, =——m+
Y

——IJ?}:+A,’|—7

a, =

<

h 4

The data for the step of time i+1
(

Joull=w, (L) =) (k)
Dra

=p tau +an —ali

A

i+1

To calculate the residual force.

R.-";IJ = 1’3;-; _‘:f }“ -

i

o

YES NO
*
r
v v
To calculate the velocity and the duclemtmn To update the displacement
; N [+ 40 0
i, =——u_, —zr,.]+[l ——}e -i—AIL[——J"‘ !(""’f] | =Uf._ I +a
BN B 2p o R
| | i < At ’
i, = . [u“,—z;r)——z},—[——l]ﬁr i l"\. .
plarf phr (2 |l =ull) Au

r

To estimate ( /, } and
(k)

by Model.

Figure 4. The chart to calculate the dynamic response of a SDOF system

c. The resisting force determined from models
o Bilinear model

The bearing force of ( fb)gil is calculated by using the bilinear model in [4, 7].
The design model of the bearings is represented in a rheology model in Fig. 4

fb:Fep+Fee

(20)
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where F,, and F, are shown in Fig. 4(b).
The second branch in the Fig. 4 presents the elastic force F,

Fee = Kpu 21)

where Kj, is the stiffness of spring B.
The first branch in Fig. 4 shows the elasto-plastic force F,
+ Spring A is linear:
Fop = Kauy (22)

where K, is the stiffness of spring A.
+If F,, equals the yield force Q,, the slider § will be activated and start to slide

s #0 1 |Fep| = 0y 03
iy =0 if |Fe| <0,
where Q, is yield force.
To find the solution of Fep in the first branch, Fep, 4
we will use a predicted calculation:
+ The F,, and displacement relation is pre- Q :
sented in Fig. 5. Ky
+ To increase the displacement Au;,1 as u
u,
Aujry = Uiy — U (24) / /
+ The increment of F,, in the bilinear -Qy
model as
AFep,i+1 = K Auiypq (25)
Figure 5. The force and displacement relation in
= Fepist = Fepi+ AFepin1 (26) the first branch
+1f |Fepir1| > Oy as in Fig. 6(b)
Fepiv1 = Oysign (Auj) (27)
and
(k1)ix1 = Kp if Fepiv1Auipy >0 (28)
(k1)iz1 = Ko + Kp  if Fepiv1Auip <0 (29)
+1f |Fepi1| < Oy as in Fig. 6(c)
Fep,i+1 = Fep,i+] (30)
and
(kr)is1 = Ka + Kb (31)

The flow chart describes to calculate the bearing force (f;);,; and determine the tangent stiffness
of the bearing (k7),, at time i+1 step in Fig. 7.

In this analysis, the parameters of the bilinear model are determined in Nguyen et al. [15] for the
room temperature case.
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Figure 6. The method to predict the value of F,, at step i + 1
Input data
MHI 'JKa 2 Kh E] Q_r
\J
To predict F,,
AHH—I Sy Y,
ep i+l a é‘MH-I
ep i+l = ‘F:.'pj + &EP.HI
r
YES To compare with Q, NO
‘F-cp.f-i-l < Qll'
k4 ) 4
‘F::p.HI = ‘F'cp.f-l-l ‘F;p.HI = Q_L'S';gﬂ(mii—{-l)
(kr)m:Ka +K, (kr)m:Kb
A 4
Fopin =Kyuy,
(f.b )j+| = F:.'p.jd-l + ‘F:.w.'.jd-l
Figure 7. The flow chart describes to calculate the bearing force at the time i + 1 step
e Rheology model

In order to improve the bilinear model in producing the rate-dependent behavior of HDRB, the
authors propose a rheology model in [8] as Fig. 3. The rheology model is used to determine the

resisting force (bearing force) in this part;
* Representation of rate-independent equilibrium stresses in the first and second branches
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- Spring A is defined as
Top = CPya (32)

- Slider S is defined as

(EQ) (33)

{ ¥ #0 for |r,]= \EQ
¥s1 =0 for |Te,,| <71y

- Spring B is defined as

Tee = CF 9y + CFPly"sgn(y) (34)
+1 : x>0

sgn(x) =4 0 : x=0 (35)
-1 : x<0

- Solution of 7., in the first branch is obtained by a predicted calculation

AYir1 = Yis1 = Vi = ATepiv1 = CEEQ)A%‘H = Tepitl = Tepi + ATep vt (36)
If
E EQ) . E

’Tep,i+1| > 780 o ATepiv1 = 9 sign (Ayi1) - Tep,is AValiv1 = ATep,i+l/C(1 o (37)

Else
= ATep,i+l = ATep,i+l; A'yal,i+l = A'yi+1 (38)

End
Tepi+l = Tep,i t ATep,i+1 (39)
Yali+1 = Yali + AYatit1 (40)

* Representation of rate-dependent overstressed in the third branch
- Spring A; is defined as

70 = C"ya (41)
- Element S, is defined as
Y2 #0 for |14 = TE?E)
: (OE) (42)
Y2 =0 for |r4] <7
- Spring B, is defined as
_ (0E)
™ =Cy" v (43)
- The stress of D is presented:
Toe = alyal"sgn (Ya) (44)

- Solution of 7,, in the third branch
+ To apply Euler’s formula for differential equation (39), the expression for vy, ;.1 can be ob-
tained as

1/
|Toe,i| " .
Ydi+1 = Ydi+ At qinSien (Toe.i) (45)
= Vbi+l = Yiel — Vd,i+l (46)

+ Tp,i+1 in spring Bj is calculated by Eq. (38) from yp ;41
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+ Tai+1 10 spring As can be obtained by the predicted calculation that is the same calculation of
Tep,i+1 in the first branch.

AYp,is1 = Vb,i+1 = Vbi = ATgip1 = C(10E)Ayh,i+1 = Tairl = Tai + ATaivi 47)
If
rain| 2 707 = Atginr = 707 sign (Aypint) = Tais AYaist = Aaint /CI0F (48)
Else
= ATgivt = ATaiv1s AVadivl = Ayp i (49)
End
Taitl = Tai T ATgir1s  Yazi+l = Ya2,i + AVa2,i+1 (50)

+ Toe,i+1 1 the sum of 7,41 and 7p 11

Toe,itl = Tai+l + Thirl (51)

* The bearing force and tangent stiffness of the bearing at time i + 1
- Total bearing stress:
Tis] = Tep,itl + Teeitl + Toe it (52)

- To differentiate Eq. (44) at ;4

O0Tiv1 _ aTep,Hl 6Tee,i+l aToe,i+1

= (53)
0vis1 0vis1 0vis1 Ovis1
From Eq. (33)
Ot :
Tee,l+1 — CéOE) + C(30E)m|’y|m_181gn (y) (54)
0Yis1
aTeo,i+l N ATep,i+1
Ayt Ayin
Toe,i+1 N Toe,i+1 (53)
0Yis1 Ayi
With ATep,i+l = Tep,i+l — Tep,is AToe,i+l = Toe,i+l — Toe,is A%‘+1 =Yi+1 —Yi
- To differentiate Eq. (44) at y;;;
af il _ or ejp,i+l or ceitl | ot oeitl _ or ocit! (56)
0Vis1 Vi1 0Viv1 Vi1 Vi1
Because 7., and 7, are rate-independent.
From
Ya=Y=Y = Vi=V— (57)
- Substitute Eq. (48) into Eq. (39) and differentiate Eq. (39)
Otist _ Oowint _ D=0l (oo D sien (= 30)
67i+1 87i+1 0 (7) 0 (7) (58)

= anly — yp|" ' sign (7 — ) + aly — yp"2dirac ( — yp)
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Input data: rheology parameters,
w,H ALy, =u, [ H

i CERNE]

| '

~(E0) ~(£2)
= (:f Yist +(.s

Fialsen(via)

T .
= - i+l
A -;Vm_{tg;i o
= r
Arqan-l - (-1 A;VH-I
Tepint = Tep; + A'rqm-t ‘T ta
oei|
l Yain =Vai* At a’ ”g“[rae..]
Veoa =V — ¥y
Voot = Vit = Va i
o) [NO —
Topict | 2 TL{., AT = AT,
Af i = M
YES l
_ _ o)
A _ ey [A ) AWy i1 = Vopa = Vi T =C3 Vam
Tepist = Tor SEUNAY L )= Tpps Ar _clor ]A‘V
Ay —Ar "-('-(Lgl aisl 1 S hisl
Falisl ep i+l 1 Tyint =Ty +AT{!,J+[
o |NO
= (o£]) = )
Te,:,m - Te,u + ATqm—L Tﬂ.]+l| 2 Tor AT”H—[ A Trm—l
- v - ¥,
Yarin = Yari ¥ AVarin SaZid b
YES
N (5751 ( ]_
AT, ., =T, sgn ‘A(yh‘j-pl Tai
= ~(CE )
A‘:V{FZJ-FL - Ar«ﬂ.t / (-1
o = Tgi + AT, 1
Varun = Vars ¥ Aoz
Toeint = Tain ¥ Thin
F
Tt = Tepist F Teejur T Tocian ‘
f;l,n-l =47,
A | Aty 1 AT, 1 ~(GE) ~(0E) -1
(kpy ), = | =2ty —osil | c08)  C(0F) )y signly)
T T T A A 2 3 /
Vist Vin
A4 -1
4 Lol L g T
[k”]“_l T ua|}fﬁ| sign(j, )+ +alp,|" 2dirac(y,)

Figure 8. The flow chart describes to calculate the bearing force and the bearing stiffness at time i + 1

07t
Vi1

- The bearing force at time i + 1

= nalya"'sign (74) + alyal"2dirac (yq) (59)

Jvi+1 = ApTis (60)

where A, is the cross-section of the bearing
- The tangent stiffness at time i + 1
Ofpiv1 _ 0(ApTis1) _ ApOTisy 61)
Ouis1  0(Hyiw1)  HOyin
Ofp.i 0 (ApT; ApoT;
(kpa)iny = f.b,z+1 _o( b?’z+1) _ 40T 62)
Ol 0 (HYit1) Hoyiv
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where H is the total rubber thickness
- Substitute Eq. (46) into Eq. (51a)

Ay [ ATy ATpei
(kr1)is1 = —b[ epitl | Dloeit]
H | Ayin Ayivi

- Substitute Eq. (49b) into Eq. (51b)

+ CEOE) + CgOE)mlylm_lsign (y)] (63)

A 1. . . . .
(kr2)ivy = 7 [nalyal™™ " sign (7a) + alyal"2dirac (70)| (64)

The flow chart describes the bearing force and the tangent stiffness of bearings by the rheology
model in Fig. 9. The rheology model parameters in this paper are the same as the parameters of the
model in [8] at 23 °C.

Based on the flow chart in Figs. 4, 7, 8, a program is developed and an algorithm is implemented
in Matlab software [5]. The seismic responses at the top of the bearing are obtained by this program.

d. Input data of the dynamics analysis

The bridge and bearings used in this analysis are similar to [6]. However, the rubber bearings are
HDRB, the bearings in [6] are nature rubber bearings and lead rubber bearings. The area of HDRB
is Ap of 0.65 x 0.65 m. Total rubber thickness is H of 6 x 0.01354 = 0.08124 m. The steel girders,
covered asphalt, reinforced concrete slab, and rail are superstructures. The mass of the structure is
calculated for P1 pier with a span of 35.0 meters, M = 196928 (kg). The viscous damping of the

structure is & of 5%. The natural period is T of 2 sec for the type II earthquake [4]. The structure’s

2
damping coefficient, C = 2hMw = 2hM ?ﬂ (N.s/m). Time integration step: At = 0.01 (s); y = 1/2,

and B = 1/6. The tolerance of residual force is gg of 0.001 x Q, (N). Earthquake ground motion in
Fig. 9.

Ground acceleleration history [Type-Il earthquake]

8

Acceleration (m/s2)

0 10 20 30 40
Time (sec)

Figure 9. The type-II earthquake

3.2. The seismic responses at the top of the bearings obtained from the solution

The difference is very clear in Figs. 10 and 11. It means that the bridge’s seismic responses
strongly depend on the modeling approach of HDRB used in the bridge. Therefore, the engineers
have to be careful to choose the model for HDRB in the practice design.
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Seismic response Seismic response
— Bilinear model — Bilinear model
-—Rheology model ----Rheology model!

A

Displacement (m)
Shear stress (MPa)
=

T

-
[

2 10 20 30 40 -4 X 0 ] 2

; -2
Time (sec) Shear strain
Figure 10. Displacement responses Figure 11. Stress-strain responses

4. Conclusions

A numerical solution has been successfully developed for determining the seismic hysteresis loops
of HDRB at the top of the bridge pier. The motion equation of the nonlinear SDOF system of the
piers is solved by Newmark’s method. The iteration Newton-Raphson method is also employed in
this calculation for static analysis of the nonlinear system. HDRB of the pier is modeled by the two
models: the bilinear design model and the proposed rheology model. After that, the comparing results
obtained from the two models show that the seismic hysteresis loops strongly depend on the modeling
of HDRB. This is the important note for engineers to design the earthquake resistance of bridges using
HDRB.
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