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Abstract

Base isolation reduces seismic accelerations in buildings at the cost of increased displacements at the isolation plane.
Under extreme shaking, the superstructure may displace beyond the provided clearance and collide with the
surrounding moat wall. Most studies of this phenomenon employ “macro” elements that represent the moat wall with
varying levels of detail, usually with a small number of springs and/or dashpots. The choice in contact model in these
macro elements will invariably affect the predicted seismic response — a detail that has thus far been studied with
simplified, often linear elastic, models of the superstructure and isolation system. This research examines how five
different contact models affect the local impact behavior of a quarter-scale base-isolated moment frame, using a
nonlinear structural model previously validated by experimental data — a unique feature of this study. Results indicate
that the choice of contact model can moderately change the local impact dynamics. This effect is considerably higher
for flexible moat walls with higher inherent damping.
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1. Introduction

Base isolation is a proven seismic protection strategy that decreases floor accelerations at the cost of
increased base displacements [1]. Under extreme ground motion, the base mat displacement may exceed
the provided gap distance and impact the moat wall [2,3]. Moat wall pounding can induce very large
accelerations and drift demands, diminishing the effectiveness of the isolation system [4—8].

Studies of moat wall pounding typically employ so-called macro models to represent the contact
interface [2,5,9-12]. This means that contact between the superstructure and moat wall is defined using
relatively simple uniaxial springs. As a result, analysts working on seismic pounding problems can choose
from a wide range of contact models [13-20].

Several researchers [9,11,13,16] have assessed how different contact models affect the pounding
response of isolated structures, but these studies are generally limited to single degree of freedom examples,
or only consider a linear elastic superstructure. This research extends those studies to account for
complexities in the superstructure and moat wall by using an OpenSees [21] model that has been calibrated
to experimental pounding data [4,5]. More specifically, this work examines five specific contact models:
linear elastic (E), linear viscoelastic (V) [13-15], Jankowski (J) [16,17], Hertzdamp (H) [18-20], and
Muthukumar (M) [19].

2. Contact Model Overview

The contact models considered here relate the contact force f; to a material-level indentation 9, and in

some cases, the indentation velocity 8. Figure 1 shows the contact force-indentation hysteresis curves for
every contact model. Tables 1 and 2 summarize the parameters and constitutive relationships of each
contact model. For a detailed discussion of the parameters, the reader is directed to [13-20,22].

Linear Elastic Linear Visoelastic Jankowski Hertzdamp Muthukumar
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Fig. 1 — Contact force-indentation (f:-8) curves of every contact model.
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Table 1 — Contact model parameters.
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Parameter Type | Symbol | Meaning Units Used in Models
Forces f, maximum contact force force M
dy yield indentation length M
Deformations Ome maximum §xpecteq indentation length E,V.M
Om maximum indentation length M
5 pre-impact indentation velocity length/time H
ky, Hertz stiffness force/length®? | E, V,J, H, M
Stiffnesses Kegr effective linear stiffness force/length | E, V.M
ki, k, | initial, secondary stiffness force/length | M
c effective linear damping mass/time v
eff coefficient
. Cy Jankowski damping coefficient mass/time J
quplng . Ch Hertz damping coefficient mass/time H
Coefficients/Ratios Ev | Kelvin-Voigt damping ratio - A
& Jankowski damping ratio - J
&, Hertz damping ratio - H
m. | effective mass mass V,J
Other e coefficient of restitution - V,J,H M
a yield indentation ratio - M
Table 2 — Contact model constitutive laws.
Model Name Constitutive Law Input Parameters
Linear _ B
Elastic fc_keff8 kefF kh\/ 8me
Lincar KemKny/Ome  Cerr=2&y+/ MestKefr
Viscoelastic £, =Ko+ Coprd N J1Eky
In (—) = XY arctan
[13-15] e 2 KV
1 éKV
Jankowski ky824ed L 550 ki, CJ=2§J,fmeffkh\/S
f= )
[16,17] <0 L E R
&= 2 e(e(9n-16)+16)
Hertzdamp IRV e Ko 8 1€
[1 8—20] fc—khé +Ch8 kh Ch E-’h SO o E—’h 3 e
kid , 6>0 and 3<8, 2 1-¢?
. kl = 1+=-— keff 5y=a5me
Muthukumar e k8, +ky[5-3, ] , 6>0 and 8>0, 5 a
[19] ¢ £,k [6,,-0] , 0<0 and §,-8,<6<8, 2 1-¢?
. k2: 1-—— keff 0<a<l1
frn-ki (800, )k [8,0-0,-8] ., 8<0 and  §<§,-3, 5 1-a
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3. OpenSees Model

The contact models are implemented into a nonlinear OpenSees model, which has been previously
calibrated to the experimentation described in [4]. This model employs the Masroor impact element [5],
shown in Figure 2. This element is described by two systems in series: (1) a Muthukumar contact spring
that represents the material indentation, and (2) a single degree-of-freedom (SDOF) system that represents
the moat wall’s global deformation.

All five contact models considered here share a common set of parameters (Kes, Mer, Ome, and e).
Furthermore, the vibrational part of the Masroor impact element has three parameters of its own: the 1st
modal stiffness (K,), 1st modal mass (M), and the impact damping ratio (Cimp). All values for the contact
and vibrational components of the Masroor impact element are summarized in Table 3. This study considers
two types of moat wall (concrete and steel), so there are two parameter sets listed. For both concrete and
steel moat walls, the maximum expected indentation is set to 0.025", and the yield indentation ratio (a) is
set to 0.1, per the recommendations in [19]. The coefficient of restitution is 0.7 for both walls, a nominal
value for civil engineering materials subject to low-velocity impacts [23].

vy

L
L
Y Y
local behavior vibrational behavior
(contact spring) (SDOF system)

Fig. 2 — Masroor impact element.

Table 3 — Common parameters used in the Masroor impact element.

Spring Parameter Symbol Moat Wall Type Units
Type Concrete | Steel

Hertz stiffness kn 6,700 11,000 | kip/in®?

Effective weight Mefr* 0.29 0.40 | kip
Conj[act Maximum expected S 0.025 0.025 | in
Spring | indentation

Cocfficient of restitution e 0.70 0.70 |-

Yield indentation ratio a 0.10 0.10 | -

Ist modal stiffness Ki 2.4 100 | kip/in

Vibration | 1st modal weight M -g 0.29 0.41 | kip

Spring | Impact damping ratio Eimp 200 40 | %

Impact damping coefficient Cimp 33 5.1 | kip-sec/in
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Fig. 3 — Schematic of the calibrated OpenSees model.

Other aspects of the OpenSees model are explained in detail in [7], but is summarized here for
clarity. Panel zones [24] with the modified Ibarra-Krawinkler deterioration model [25,26] (Bilin material
command) are used to model yielding of the superstructure. The SingleFPBearing element command is
used to model the isolators. Figure 3 shows a diagram of the entire OpenSees model.

4. Contact Model Performance

The N-S component of the 1992 Erzincan earthquake, scaled to a peak ground acceleration (PGA) of 0.91
g, was the only impact-inducing ground motion used in the previous experimentation [4]. This motion is
shown in Figure 4.
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Fig. 4 — Impact-inducing ground motion (Erzincan 1992, N-S).

This acceleration record was used as a base excitation pattern in OpenSees, with two different moat
wall materials (concrete, steel) and five different contact models. The gap distance is set to 4” to match the
experimental setup. Nonlinear dynamic time history results are summarized in Figures 5 — 7.

The impact force time histories are shown in Figure 5. For both wall materials, the difference
between contact models is most noticeable in the early part of the contact duration, when the vibrational
spring is not yet activated. Also, the linear elastic model exhibits high-amplitude oscillations relative to
other contact models, particularly in the steel wall. This is because the linear elastic model has neither
viscous nor hysteretic damping associated with fit.
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Fig. 5 — Impact force time histories.

Figure 6 emphasizes an expected difference between the contact models — the local hysteresis of
the contact spring. All models show the same basic shapes seen in Figure 1, but with more oscillations
caused by the higher-mode frequencies of the OpenSees model. While the shape of each hysteresis curve
is obviously different, peak force and peak indentation are comparable for all cases.

In contrast to the local hysteresis curves, the global hysteresis curves in Figure 7 show subtler
differences between the contact models. This is because the Masroor element can be viewed as two springs
in series, where the more flexible spring (i.e. the vibrational spring) dominates.
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Fig. 6 — Contact spring hysteresis.
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Fig. 7 — Vibrational spring hysteresis.

5. Conclusions

This research reviews several state-of-the-art contact models: linear elastic, linear viscoelastic, Jankowski,
Hertzdamp, and Muthukumar. Each contact model is implemented into a nonlinear finite element model,
previously calibrated to experimental moat wall pounding data. All contact models have similar impact
force time histories for the single ground motion considered here. This is because impact between the base
mat and moat wall initiates at the contact spring, where the differences between contact models is most
significant. Later in the contact duration, the contact spring is fully compressed, and the vibrational spring
dominates. This can also be seen in the global hysteresis of the moat wall, where differences between the
contact models vanishes at or before the point of peak wall displacement. All models show roughly the
same peak impact force and peak wall displacement.

This study shows preliminary findings of a much larger work in progress. Future work will examine
how each contact model affects global response features of the entire building, such as floor acceleration
and interstory drift ratio. It is also important to investigate how the conclusions of this paper would vary
when applied to a wider suite of ground motions, particularly for near-fault earthquakes, where moat wall

pounding is most likely to occur. Other variables, such as superstructure type (braced frame, shear wall,
etc.) will also be studied.
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