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EARTHQUAKE RESPONSE OF ADJACENT STRUCTURES
WITH VISCOELASTIC AND FRICTION DAMPERS

Miodrag Zigi¢ and Nenad Grahovac

ABSTRACT. We study the seismic response of two adjacent structures con-
nected with a dry friction damper. Each of them consists of a viscoelastic rod
and a rigid block, which can slide without friction along the moving base. A
simplified earthquake model is used for modeling the horizontal ground mo-
tion. Energy dissipation is taken by the presence of the friction damper, which
is modeled by the set-valued Coulomb friction law. Deformation of viscoelastic
rods during the relative motion of the blocks represents another way of energy
dissipation. The constitutive equation of a viscoelastic body is described by
the fractional Zener model, which includes fractional derivatives of stress and
strain. The problem merges fractional derivatives as non-local operators and
theory of set-valued functions as the non-smooth ones. Dynamical behaviour
of the problem is governed by a pair of coupled multi-valued differential equa-
tions. The posed Cauchy problem is solved by use of the Griinwald—Letnikov
numerical scheme. The behaviour of the system is analyzed for different values
of system parameters.

1. Introduction

Various types of seismic control systems are used to dissipate energy reducing
destroying effects of ground motion or wind excitation on structures. Collisions be-
tween neighboring structures, or pounding, during a major earthquake may cause
considerable damage to the buildings if they are not on appropriate distance one
from another. This phenomenon was investigated by many authors who found inter-
connection between adjacent structures with a damper as an effective way against
pounding. For example, Luco and De Barros [14] analyzed adjacent structures
connected with viscous dampers, while Bhaskararao and Jangid used a friction
damper between two adjacent single-degree-of-freedom structures, see [5]. They
applied the Kelvin—Voight as well as the Coulomb friction model for describing dy-
namical behaviour of the structures. Pounding between adjacent bridge segments
is also evident and it is analyzed in numerous papers, see [6] and [17].
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Accurate models are required for describing such a complex phenomenon as
pounding including elastic and plastic deformation, friction and impact. The use
of fractional derivatives as non-local operators for describing the behavior of vis-
coelastic dampers should be justified for the sake of reliability of rheological model.

2. The model

The system under consideration consists of two rigid blocks representing the
basis of adjacent buildings, Figure 1a. Another two blocks of masses mj and my can
slide without friction along the lower ones under the action of ground motion. The
system is at rest at the beginning. Suddenly, the bases start oscillatory motion in
the same way (coordinate u) during a simplified earthquake excitation. This causes
upper blocks to move translatory relative to the bases with relative coordinates
x1 and w9, while energy dissipates by deformation of the viscoelastic rods. If
the conditions for relative motion between the upper blocks are met there will be
energy dissipation within a friction damper, too. Lengths of the viscoelastic rods
in undeformed state are denoted by [, and [z . Lengths L and a; are constants.

a) b)

v.e. .e.

FIGURE 1. System under consideration and a free body diagram.

A free body diagram is presented in Figure 1b where f; and f> stand for the
forces in viscoelastic rods, n; and ng are normal reaction forces between the blocks,
while ¢ and N represent the friction force and the normal contact force within the
friction damper, respectively. According to the chosen type of the friction damper it
can be assumed that the force N can be mono-directional with a constant intensity
and that it will alliterate the positions where the forces ni and ny act what is not in
the concern of this paper because the analyzed motion goes in horizontal direction
only. The normal contact force N ensures significant clamping of interaction pairs
necessary to provide appropriate friction force, see [7], [19], [4]. The distance
between the upper blocks reads £ = L + g + x2 — lo, — 1 — a1. Dynamics of the
blocks with masses mj and ms is governed by the Fundamental axiom of dynamics

(2.1) my (u® + x§2)) =—f1—q,

(2.2) ma(u® +2) = —f + ¢,
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constitutive equations are presented by the fractional Zener model, see [1]

(2.3) fi+Trafy ) = i (:z:l + meg )),
EgA
(2.4) frtriaf = % (z2 + Tz/ﬂgﬂ)),

where (-)(®) = d®(-)/dt*, A., Ag, E., Eg are cross-sectional areas and moduli of
elasticity of viscoelastic rods, respectively. Constants 7y, 7., with dimensions
time?, and £, must satisfy conditions 7, > 7, 7fy > 0, and E, > 0, according

to the second law of thermodynamics, where 0 < v < 1, v € {a, 8}. Fractional

derivatives of the Riemann-Liouville type fi(V and :z:m

equations (2.3) and (2.4), see [16]

Lo = =) _df 1 b
O = =25 dt{l“(l—a)/o G- }

, (1 = 1,2) are used in
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FiGURE 2. Combinatorial analysis of relative motion of upper
blocks regarding to the relative sliding velocity within the dry fric-
tion damper, with directions of the friction force.

Friction force q within the friction damper connecting the upper blocks is given
by the Coulomb friction law taken in the set-valued form by (2.5), see [8] and [13],

pN, 2 — a2 >0
(2.5) g€ puN[-1,1], 2V - <1> —0
—uN, !Egl) (1) <0

where ¢ is set-valued when the relative velocity between the upper blocks equals zero
and the friction coefficient is denoted by u. One should note that there are three
different motion phases depending on relative sliding velocity, not between upper
blocks and bases, but within the friction damper: slip to the right (xgl) (1) > 0),

slip to the left (!Eg xgl) < 0) and a stick phase (xgl) - xgl) = 0). The upper
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blocks can move both to the right, both to the left or in opposite directions. Also,
their relative velocities can be different or equal. All the cases are classified into
three classes regarding to the relative sliding velocity within the friction damper.
The classes and characteristic cases are shown in Figure 2a.

During sliding phase, when the upper blocks slip to the left or to the right the
friction force equals p/N, where its direction is shown in Figure 2a and Figure 2c,
while for the stick case it can be any value between —uN and pN, see (2.5). Ground
acceleration is described by the simplified earthquake model (2.6), depending on
parameters k, ug, §2, see [20)]

(2.6) u? = e My Q? sin(Q1)].

The systems of passive seismic protection within the analyzed adjacent struc-
tures dissipate the seismic energy in two different ways. The first one is by the
deformation of viscoelastic elements during the relative motion between the up-
per and the lower blocks, while the second one is the energy dissipation within
the dry friction damper when there is relative motion between the upper blocks.
The amount of dissipated energy during time can be calculated by the following
expression

¢
A= / {fwgl) + fzxgl) + ,uN(xgl) — xgl))} dt.
0

One should note that the friction damper dissipates energy during the sliding
phase only, i.e. when the system is exposed to strong excitations.

The task is to find the motion of the upper blocks caused by the simplified
earthquake excitation by solving the system of equations (2.1)-(2.6) together with
the restrictions which follow from the Second law of thermodynamics and with
homogenous initial conditions

(2.7) 21(0) = 2(0) = 21 (0) = 2, (0) = 2(0) = f2(0) = 0.
Introducing dimensionless quantities like in [20]:
iEaAa = EaAa T EaAa r 7
T :x ) 6 = 5 ) t=1 ) fz = f )
lamig lomaig lamy mig
. q _ (E,YA,Y)’Y/2 _ (E,YA,Y)’Y/Q
= y Tfy =T s Taoy =Tz )
q Mg Iy Iy Ima ¥ ¥ Iyma
_m o AgEg — wo o An
_’m27 B ALE,’ 0 lamig ’

_ Loy .
Q=0 =1,2
VEss =12, vefan),

as well as the limiting value of dimensionless friction force in the form p=uN/(m1g),
and omitting the bar for the sake of simplicity the system of equations describing
the posed problem (2.1)-(2.6) together with initial conditions (2.7) and restrictions
to the parameters of the model in dimensionless form reads

(2.8) x§2> — e MuQ?sin() = — f1 — ¢,
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xg) — e MugQ? sin(Qt) = p(—f2 + q),
fi+ Tfosza) =1+ Tzax:(La)7

Jat Tfﬁfz(ﬁ) =e(za + Trﬁﬂféﬁ)),

1, a:gl) — mél) >0
q €9 ul—-1,1], xgl) —xgl) =0
—Lu, xgl) - xgl) <0

2i(0) =2 (0) = £,(0) =0, (i=1,2),
Ty >0, Tay>7sy, 0<vy<1, ~ve{af}

Equations (2.8), ,, where non-dimensional friction force is given by (2.8),, rep-
resent a system of two coupled multi-valued differential equations which should be
solved together with fractional differential equations (2.8), ,.

Different sets of differential equations are recognized in (2.8) during different
motion phases of the mechanical system. At the end of one motion phase the
another one starts, so it is necessary to analyze transition conditions. For ¢t = 0 the
system is at rest in the stick phase, because of the initial conditions (2.8),. While
being in a stick phase friction force is calculated by ¢ = (pfa— f1)/(p+1) and if the
condition |g| = p is met the system changes phase from stick to slip in the following
way: if ¢ = p there will be slip to the right, while if ¢ = —pu slip to the left will take
place. Otherwise, if the system is in the slip phase and the condition xgl) —xél) =0
is met, transition to slip in another direction occurs if |(pfa — f1)/(p+ 1)| > p,
while transition from slip to stick occurs for |[(pf2 — f1)/(p+ 1)| < p. Values of the
state variables of the system at the end of one motion phase represent the initial
conditions for the next phase.

It is important to note that £ > 0 represents the condition for moving of struc-
tures without pounding. If that condition is violated during the motion then an-
other complex effects such as impact and plastic deformation of structure elements,
which are not described by the equations above, will take place.

3. The solution

The presence of the set-valued dry friction model classifies this problem in
the class of a non-smooth dynamical systems, where different sets of differential
equations are valid for different motion phases. Besides that, the posed problem
implements fractional derivatives as non-local operators into the non-smooth dy-
namical system which places it in a category of complex problems. Solutions of this
kind of problems are presented in [10] and [9] where impact problems are analyzed
and whose mathematical models are almost identical to the model used in this
problem of oscillations of adjacent structures. Similar procedure as in mentioned
papers will be applied here. Namely, for some classes of functions important for
applications the Riemann—Liouville and the Griinwald-Letnikov definitions of frac-
tional derivatives are equivalent, see [15]. The motion of the system described by
(2.8) will be determined numerically by the use of the Griinwald-Letnikov scheme
as follows.
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Introducing a time step h and by the time discretization t,, = m-h (m =
0,1,2,...), the Griinwald-Letnikov fractional derivative of order 7 reads

m
2N — 7 szzm_j,
j=0
where coefficients w}- are calculated using recurrence relationships
1
wi=1, wl= (1 - L)w}_l, (j=1,2,3,...),
J
Both the first and the second derivative of a function can be approximated by

following expressions
Zm+41 — Zm (2) o Zm+1 — 2zm + Zm—1
? Y Zm. - h2 3
respectively. Applying these approximations to the system of equations (2.8) we
obtain numerical algorithm for calculation of contact forces as well as relative
positions of upper blocks during slip phases within a friction damper

A =

1 T
D e
(3.1) S [ 71 +-2
+ h_a Zj:l [W?(Tramlm—j - Tfozflm—jﬂ },
9 7'15)
m— T 1 _ m 1
f2 14+ Tf,gh*a {332 ( + hB

_ m TrB
+h” ijl [WJB (T””Bxgm*j B %fszj)} }’

Tim41 = 2T1m — Tim—1 + h [6_kmhu092 sin(Qmh) — fim — Qm}v
Tom+1 = 2Tom — Tam—1 + h2 [e " MugQ? sin(Qmh) + p(— fam + am)],

where the friction force ¢, has the value either p or —pu, see (2.8);.

On the other hand, for the motion phase where upper blocks move together as a
unity (stick within the friction damper, xgl) - xél) = 0) the forces in the viscoelastic
rods are calculated using (3.1), ,, while the algorithm for calculation of the relative

positions of upper blocks and the friction force is given by

(3.2) Timt1l = 2T1m — T1m—1
+ h2 e Fmhy0? sin(Qmh) — L(flm + me)},
p+1
To2m+1 = Tim+1 — C,
= )
p+1

with T10 = 20 — .flO = fQ() = X111 = T21 = 0, fOHOWiDg from the initial conditions
(2.8)4, and where c=const. represents the difference between z; and x5 at the end
of the previous slip phase. At the beginning of the motion of the system ¢ = 0.
For given homogenous initial conditions (2.8), system starts to move in the stick
phase. For certain values of system parameters it is possible that system switches
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motion phases during time, when transition conditions are met. Initial conditions
for each motion phase are obtained from the state of the system at the and of the
previous phase. Motion of the system during simplified earthquake excitation is
obtained by the use of numerical algorithms (3.1) and (3.2) alternately according
to the actual motion phase. During the motion of the system viscoelastic rods
deform, where their elongation and the contact forces are calculated on the basis
of history of deformation because of the presence of fractional derivatives as non-
local operators in constitutive equations (2.8)37 4 Although the system changes its
motion phases, it is very important that history of deformation of the viscoelastic
rods needs to be taken from the beginning of deformation process, actually from
t = 0. The importance of historical effects in problems which include fractional
derivatives is presented in [11] and [2], to mention just a few.

As it was mentioned above the system changes its motion phases according to
inequality constraints. It is necessary to determine switching times between phases
in order to know when exactly to start using the appropriate set of differential
equations. An efficient way for determination of switching times of non-smooth
mechanical systems is presented in the paper of Tarner [18], where the slack vari-
able, which replaces time as the independent variable, was introduced. By the use
of the slack variable algorithm, which was already used in problems comprising
non-smooth and non-local operators, see [10], [20] and [9], switching times can
be calculated. Motion of the system is determined for certain values of system
parameters and solutions are presented in the next section.

4. Results

Taking into account system (2.8) and considerations mentioned above, the sim-
ulation of motion of adjacent structures during the simplified earthquake excitation
can be performed for different values of system parameters. In this paper the be-
haviour of the same mechanical system is analyzed for two different excitations. In
both cases the mechanical system is described by the following set of parameters:
p=05e=2 a=023 7.0 =1.183, 750 = 0.004, 8 =0.53, 7,5 =4, 753 = 0.2,
= 0.3. The time step h = 0.002 is chosen for numerical simulations.

In the first case (strong excitation) stick-slip and slip-slip transitions occur
during the motion where excitation parameters are ug = 1.5, 2 = 1.5, k£ = 0.5.
Graphical representation of the result is given in Figures 4-5.

The relative positions of upper blocks are presented in Figure 4, while the

excitation, the friction force and the difference between the relative velocities xgl) —

xgl) are shown in Figure 4. At the beginning, for a very short period of time, the
system moves in the stick phase within the friction damper. During that phase the
relative positions x1 and a2 coincide while the friction force ¢ increases from zero to
its limiting value p. After that, slip to the right and slip to the left alternate while
the friction force jumps from one limiting value to another one. In a certain time
instant t*, when the difference between the relative velocities a:gl) — a:él) becomes
zero, the system enters into the stick phase again, where the relative positions x

and xo do not coincide, but they differ for a constant, i.e. the curves of z; and x»
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F1cure 3. Relative position of upper blocks in the case of a strong excitation.
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FIGURE 4. Ground acceleration, friction force and difference be-
tween velocities of upper blocks in the case of a strong excitation.

are equidistant. In the time instant ¢*, when relative motion between upper blocks
stops, the jump of the friction force ¢ occurs. For ¢ > t* the friction force q is a
continuous function of time ensuring the stick phase, ¢ € [—p, . It is allowed by
the set-valued Coulomb friction law used and can not be described if a single-valued
sign function is incorporated in the dry friction model. After ¢* the system remains
in the stick phase because of vanishing of the earthquake excitation, as it can be
seen in Figure 4.

Forces fi and fy in the viscoelastic rods are shown in Figure 5. Amplitudes
of oscillations of these forces decrease during time up to a very small values at
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FI1GURE 5. Forces in viscoelastic rods in the case of a strong excitation.

the end of the shown time interval, according to small elongations x; and x5. It
is important to note that during the stick phase energy dissipates by deformation
of viscoelastic rods, while during slip phases there is energy dissipation within the
friction damper, too.

In the second case (weak excitation) the simplified earthquake motion is de-
scribed by ug = 0.05, 2 = 3.5, k = 0.3. In this case upper blocks move in the
same way, i.e. there is the stick phase within the friction damper all the time. The
relative positions x; and xo coincide so that xgl) — :z:gl)
Figure 6 and Figure 7.

= 0, which is shown in
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FIGURE 6. Relative position of upper blocks in the case of a weak excitation.



286 7Z1GIC AND GRAHOVAC

During the motion of the system there is energy dissipation through the defor-
mation of viscoelastic rods only. There is no slip within the friction damper and the
magnitude of the friction force is less than its limiting value p, where the friction
force ¢ is shown in Figure 7. The graphical representation of the contact forces f;
and fs is given in Figure 8.
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FIGURE 7. Ground acceleration, friction force and difference be
tween velocities of upper blocks in the case of a weak excitation.
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FIGURE 8. Forces in viscoelastic rods in the case of a weak excitation.

After some time, in both cases, relative motion of the upper blocks, the contact
forces and energy dissipation as well become very small and the system continues to
move with the stick phase within the friction damper. That is the reason why the
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attributes of motion are presented during the time interval ¢ € [0, 16]. In addition
to this, the non-dimensional distance £ between upper blocks in both cases is always
positive which implies that the structures move without pounding. The distance &
is calculated by using the following dimensionless values: L =3, [, =lg =a; = 1.

It is interesting to comment on the ceasing motion of the system as a whole.
Although for the chosen excitation type the amplitudes of oscillations become very
small (or negligible) after some time due to energy dissipation, adjacent structures
described here will stop when ¢ — oco. To stop the system in a finite time it is
necessary to introduce the dry friction between the upper and the lower blocks in
the form of the set-valued constitutive law.

5. Conslusions

The motion of the system under consideration is modeled by equations (2.1)-
(2.6) with initial conditions (2.7) and restrictions to the system parameters men-
tioned above. Solutions of the system in dimensionless form (2.8) are obtained
for two sets of values of system parameters by the use of the Griinwald—Letnikov
numerical scheme. The combinatorial analysis was performed in order to find con-
ditions which are valid during each motion phase of the non-smooth mechanical
system. Non-smooth character of the system is caused by the presence of the dry
friction, which is taken by the set-valued Coulomb friction law (2.5). In general
case slip to the left, slip to the right and stick phase alternate during the motion.
The influence of excitation parameters on the motion of structures is analyzed. For
weak excitation the friction damper does not activate, i.e. there is no slip in the
friction damper, the upper blocks move as a unit without relative motion between
them, where energy dissipates through the deformation of the viscoelastic rods
only. On the other hand, in the case of strong excitation, the upper blocks move
in a different way so the energy dissipates both by deformation of the viscoelastic
rods and by activation of the friction damper. On the bases of calculation of the
distance & between upper blocks it is possible to conclude whether the pounding
between the two adjacent structures will take place or not. In both cases presented
in this paper the distance & is greater than zero so there is no collisions between
the adjacent structures.

For further investigations it would be interesting to analyze influence of the pa-
rameters of the mechanical system on behaviour of the adjacent structures. Also,
instead of the simplified earthquake model (2.6) it is possible to use a more com-
plicated model or the one based on earthquake data base. Besides that, the appli-
cation of some other approximation of fractional derivatives, such as for example
the Atanackovic—Stankovic expansion formula presented in [3], used in [12], could
reduce difficulties which appear in problems merging fractional derivatives as non-
local operators with the theory of non-smooth set valued functions.
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CEN3MMNYEKN OIT'OBOP CYCEIHNX KOHCTPYRKIIMJA CA
BUVICKOEJIACTNYHUM N $PNKIIVTOHVM
IMPUTYHNIMNBAYUVMA

PE3UME. ¥ oBOM pany mpoydeH jé CeM3MUYKN OI3WB MIBE CYCeIHEe KOHCTPY-
KIMje IoBe3aHe IPUryIIMBaveM KOJU paand Ha HIPUHNUIY CyBOr Tpema. Caka
Ol KOHCTPYKIMja CAIP:KM 1 BUCKOEGJACTUYHU LITAI KAa0 M KPYyTHU OJIOK, KOju
MO¥e na Kau3u 0e3 Tpema 1o MOKpeTHO] ocHOoBU. IlojemHocraBimenm Monmen
3eMJpOTPECA KOPUIINEH je 3a MOaeIrnpame XOPU30HTAIHOr KpeTama tiaa. Jlu-
cunanyja eHepruje Bpimu ce ToMony (PUKIMOHOr IPUTyIINBaYa, KOJU j€ MOIe-
aupan KynonoBuMm 3akoHOM Tpema AeduHMCcaHUM Ha crymy. Jledpopmanuja
BUCKOEJIACTUYHUX IITAIIOBA TOKOM PEJIaTUBOT KpeTama OJIOKOBa IPEINCTABIbA
APYTY BUA OUCUNANNje eHepruje. HROHCTUTYTHBHA jenHAUMHA BUCKOEJIACTU-
YHOD TeJla je IPeACTaB/beHa (PAKIMOHNM 3eHEPOBUM MO IEJIOM, KOjU YRBYUIYje
¢parurone n3Bone HamoHa u nepopmaruje. IIpoyuaBann mpobGiiem mosesyje
(¢parnroHe M3BOLE KAO HEJOKAJHE OIePaTope ca TEOPUjOM HErJaTKUX BU-
meBpenHocux Qyuknuja. IuramMuka mocraBibeHOT TpobIeMa OMUCaHa je TapoM
CIIPErHYTUX BUIIEBPEIHOCHUX nudepeHnujannnx jeqnavunta. [locraBmenn Ko-
mIjeB TPOoJIeM pelieH je npuMeHoM I'pynBann—JleTHUKOB/LeBe HyMEPUYKE IPO-
uenype. llormamame cucrema je aHAIU3UMPAHO 33 PA3JINYUTE BPEIHOCTU yJia-
3HUX ITapaMeTrapa.
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