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Abstract

Moment frame structures subjected to earthquakes are generally designed to dissipate energy through inelastic behavior
at beam ends and column bases. In recent years, the structural engineering community has moved towards the design of
resilient structures, which minimize this damage and allow for a return to building occupancy shortly after the seismic
event. To address resilience, an innovative resilient rocking (IRR) column was designed. This IRR column consists of a
column, which rocks about its base and steel slit dampers, which attach the rocking column to the foundation. Steel slit
dampers are also used to dissipate energy and concentrate damage during a seismic event. This system has been
experimentally and analytically studied in previous work. The IRR columns were found to display stable hysteretic
behavior and inelastic behavior was concentrated to the dampers which can easily be removed and replaced. A
simplified model using elastic beams and spring elements was established and the principle of energy conservation was
employed in order to calculate the initial stiffness of the IRR column. The calculated initial stiffness of the IRR columns
using the proposed method was verified with test and FE analysis results.
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1. Introduction

Buildings today are typically designed to undergo inelastic (plastic) deformations in high seismic events in
order to dissipate energy and prevent collapse. These plastic deformations, however, can cause
unrecoverable damage and permanent residual drift in a structure, which may result in suspended building
operations as the structure is repaired or demolished and rebuilt. Recognizing the desire for immediate
occupancy and continued operability following a seismic event, the structural engineering community has
begun to design and implement resilient structural systems and components capable of dissipating energy
while strategically limiting structural damage.

Two strategies for structural resilience are implementation of rocking systems and use of replaceable
fuses. Rocking systems permit displacement of the system through rigid body rocking action that minimizes
structural damage. This concept has been employed in a variety of seismic force-resisting systems using
post-tensioning in connections to achieve self-centering: precast concrete frames (EI-Sheikh et al. (1999)[1],
Priestley et al. (1999)[2]), steel moment resisting frames (Ricles et al. (2001, 2002)[3,4], Christopoulos et al.
(2002)[5]), and steel plate shear walls (Dowden et al. (2016)[6]). The other strategy of replaceable fuses
allows for concentrated damage and energy-dissipation to take place in components that can be relatively
easily replaced after a seismic event. Studies related to replaceable fuses include: replaceable steel coupling
beams (Fortney et al. 2007[7], Shahrooz et al. 2018[8], Farsi et al. 2016[9], Ji et al. 2017[10,11]), moment
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resisting frames (Shen et al. (2011)[12], Oh et al. 2009[13], K&ken et al. 2015[14]), and eccentrically braced
frames (Mansour et al. 2011[15]).

A number of structural steel systems have also been investigated that combine rocking, self-centering,
and replaceable energy-dissipative fuses. These include: rocking beams and yielding base plates (Azuhata et
al. 2004[16]) and steel braced frames with replaceable steel fuse plates (Eatherton et al. (2014)[17]) The
proposed innovative resilient rocking (IRR) column system provides a unique approach to seismic resilience
through both rocking systems and replaceable fuses.

A moment-resisting frame (MRF) structure designed with the “strong-column/weak-beam” philosophy
may experience a structural mechanism during an earthquake, which results in plastic deformation at the
beam ends and column bases. If feasible, these damaged components may be replaced; however, replacement
of column hinges is a difficult and costly process due to the gravity loads on the structure. The proposed IRR
system employs a “strong-column/weak-damper” philosophy, which permits plastic behavior within
replaceable fuses and ensures elastic behavior in the column, as shown in Fig. 1. The dampers connect the
column to the foundation using a connecting place and high strength bolts at the column and a T-shaped steel
plate with anchor bolts to attach to the foundation. The tube column is not directly attached to the foundation.
When the column rocks, shear deformation in the dampers is initiated and the moment induced at the column
base is resisted by the dampers. Experimental testing of the proposed IRR column demonstrated reparability
and favorable seismic performance (Liu et al. (2019)[18]). The IRR columns exhibited stable hysteretic
performance even under large displacements and the damaged components could be replaced without
difficulty after cyclic loading.
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Fig. 1 — Schematic configuration of IRR column

2. Load transfer characteristics of IRR columns

The two steel slit dampers on each side of the column, which are oriented parallel to the horizontal loading
direction, were considered, as shown in Fig. 2(a). The dampers that are oriented perpendicular to the loading
direction were ignored and will be discussed in a future paper. As a horizontal load, P, is applied at the top of
the column, the column rotates about the rotational point at the right bottom corner, which then causes an
uplift of the steel slit dampers on the left side of the column, denoted as Damper L. There is also a small
downward deflection of the right side connection plate, which is fastened with the right side steel slit damper,
denoted as Damper R. This deflection is smaller than the left side due to the smaller distance from the
rotational point to the edge of the damper compared with that of Damper L.

There are two kinds of simple deformation modes existing simultaneously in the steel slit dampers,
which are shown in Fig. 2(b): the parallel shear deformation caused by only vertical displacement, Jv
(upward for Damper L and downward for Damper R); and rotation, a’ (positive in clockwise direction), of
the connection plate. Steel slit dampers under parallel shear deformation have been studied intensively
(Climent et al. 1998[19], Chan et al. 2008[20], Lee et al. 2017[21]). These dampers behave similar to
coupling beams in coupled wall structures with the inflection point at the middle and flexural hinges forming
at the ends of the struts of the damper. However, it is the rotation of the connected plates that makes the
calculation method more complex. Connection plate rotation is caused by the rotation of the rocking column.
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Fig. 2 — Deformation characteristics of IRR column and steel slit dampers

This rotation will result in tension and compression force in the struts, which will then contribute to the
initial stiffness, as well as the moment resistance of the IRR column. It can be seen from Fig. 3 that the
actual deformation mode of both steel slit dampers is the composition of these two deformation modes.

Some information and test results of one tested IRR column in previous study, S16-5.5-0.1, was
shown in Fig. 3 to demonstrate the characteristics of the dampers and the overall seismic behavior of the IRR
columns.
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Fig. 3— Specimen information and test results of S16-5.5-0.1[18]

3. Calculation method of the initial stiffness of IRR columns

A simplified model was introduced based on the information of the tested IRR columns, as shown in Fig. 4,
to derive the calculation equations of the initial stiffness of the specimens, where N and P are axial and
horizontal load on the top of the column, respectively; H is the height from P to the top surface of the
foundation; 4 is the horizontal displacement at the height P applied; a and b are width of the column and
connection plates, respectively; L is the clear length of the struts; « is angle between the bottom face of the
column and the top surface of the foundation. The following assumptions are adopted:

(1) No relative slippage is considered.
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(2) Damper struts were simplified as a combination of an elastic beam element that does not transfer axial
load and a spring element, as shown in the insert of Fig. 4.

(3) Steel column was simplified as an elastic cantilever beam with the fixed end at the height of the
centroid of the dampers.
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Fig. 4 — Simplified model of the IRR column

Based on these assumptions, we can obtain the axial deformation of the struts and relative rotation
angle between the strut boundaries, using simple geometry, as shown in Fig. 5.
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Fig. 5 — Deformation for struts

L

For dampers at the left side of the column (Damper L), the axial deformation of the struts can be
obtained from Eq. (1~3):

x, =asina +(a+b)l-cosa) 1)

y, =a,(cosa —1)+(a+bkina 2)

5 =(x+Lf+y’ -L @)

where x; and y; are the horizontal and vertical displacement of the ith strut nodes near the column side,
respectively; i is the axial deformation of the ith strut (i=1-8, as labeled in Fig. 4); ai is height of the ith strut
from its centroid to the top of the foundation.
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For dampers at the right side of the column (Damper R), the axial deformation of the struts can be
obtained from Eq. (4~6):

X, = asina + b(COSa - 1)

(4)
Y, = & (1 - COSa) + bsina 5)
§=L—y(L=x)+y’ (6)
The elastic potential energy of each damper strut due to axial deformation and boundary rotation can
be calculated from Eq. (7~8), respectively:
Eké‘l = Eé‘uz
2L (7)
2El
B = _O‘i2
L (8)
Based on the principle of energy conservation and ignoring the axial deformation of the steel column
due to flexural deformation, the external work done by horizontal and axial load equals to the internal work,
which gives:
1 a
2Bt 2Es +E = _P(AR +Ac)7 N> a
2 2 (9)
The negative sign of N indicates that the direction of axial load is opposite to the direction of its
displacement. Since we also have
E.= 1 PA,
2 (10)
Substituting Equation (1~8) and (10) into Equation (9), the horizontal load carrying capacity of the
IRR column can be obtained as follows:
p_ 2(ZE,; +ZE.4) +&
The horizontal displacement due to the flexural deformation of the steel column caused by this
horizontal load will be:
3
A, = PH
3EI, (12)

The stiffness of the IRR column will then be:
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B P
Ag +A, (13)

4. Verification of the equations

Using the proposed equations, the initial stiffness of a specified IRR column can be calculated with a given
deformation, either the uplift angle of the steel column « or the horizontal displacement 4. To avoid equation
iteration, it is suggested to start with a small value of «, such as 1/1000. The initial stiffness of the IRR
columns tested by Liu et al (Liu et al. (2019)[18]) were calculated with the actual parameters and listed in
Table 1, where t is the thickness of the damper; A, n and N are the shear-to-depth ratio, axial compression
ratio and applied axial load of the columns, respectively; Krest and Krem are the initial stiffness of the
columns obtained from the first cycle of the hysteretic curves from test and finite element analysis,
respectively; K. is the elastic stiffness of the steel column without dampers and with a fixed end at the
foundation.

It can be seen from Table 1 that the calculated value of K. is much higher than the tested value Kresr,
because there were different kinds of slippages during the test, including slippages between the connecting
plates and the dampers, T-studs and foundation, foundation and the pedestals, et al, while the proposed
method did not take these slippages into consideration. The more severe the slippages are, the bigger the
differences between tested and calculated values become. Three-dimensional FE models were established,
considering the interaction between the connecting plates, dampers and high strength bolts, and verified with
test results. The overall performance of the IRR columns obtained from FE analysis agreed well with the test,
suggested in Fig. 3(b) for specimen S16-5.5-0.1. More detailed information of the FE analysis of the IRR
columns can be found in Liu et al (Liu et al. (2019) [22]). The initial stiffness of the IRR columns obtained
from FE analysis is higher than that from test mainly because of the simplification of the material and
idealization of the specimen dimensions. Hence the slippages in FE model were not as severe as that in the
test and the values of Krem Of the IRR columns are relatively close to those of Ke. The values of K. are really
close to those of Ke, suggesting that the initial stiffness of the IRR column is not weakened due to the fact
that the column end is not fixed at the foundation.

Table 1 — Comparison of stiffness results with different method

Specimen t P 0 Ni Krest Krem Ke Ke
1.D. (mm) kN)  (kN/mm)  (kN/mm)  (KN/mm)  (kN/mm)
520-5.5-0.1-B 20 5.5 0.1 446 17.31
20.10 22.97 24.03
S20-5.5-0.1-A 20 55 0.1 446 12.64
S516-5.5-0.1-B 16 5.5 0.1 446 11.45
19.37 22.97 23.26

S16-5.5-0.1-A 16 55 01 446 11.97
S16-3-0.1 16 3.0 01 446 39.77 79.98 141.52 139.94
S16-3-0.2 16 30 02 893 34.10 101.90 141.52 158.60

For further understanding of the influence of different parameters to the initial stiffness of the IRR
columns, parameter study using FE method was carried out and the results were summarized in Table 2.

Table 2 —Analysis matrix of FE modeling and calculated results

. K Ke¢ Ke
Specimen I.D. t(mm) n=N/(f,A) Ni(kN) (kN/FrEan) (KN/mm)  (kN/mm) Ke/Krem

S$8-5.5-0.1 8 0.1 446 17.07 22.97 21.00 1.23
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$8-5.5-0.2 0.2 892 22.29 22.97 23.62 1.06
$8-5.5-0.3 0.3 1339  25.99 22.97 25.12 0.97
$8-5.5-0.4 0.4 1784  28.12 22.97 26.08 0.93
$8-5.5-0.5 0.5 2230  28.79 22.97 26.76 0.93
$8-5.5-0.6 0.6 2676  29.16 22.97 27.26 0.93
$12-5.5-0.1 0.1 446 18.43 22.97 22.28 121
S12-5.5-0.2 0.2 892 23.20 22.97 24.32 1.05
$12-5.5-0.3 0.3 1339  26.68 22.97 25.56 0.96
$12-5.5-0.4 . 0.4 1784  28.58 22.97 26.39 0.92
$12-5.5-0.5 0.5 2230  29.13 22.97 26.98 0.93
$12-5.5-0.6 0.6 2676  29.49 22.97 27.42 0.93
$16-5.5-0.1 0.1 446 19.37 22.97 23.36 121
$16-5.5-0.2 0.2 892 23.85 22.97 24.90 1.04
$16-5.5-0.3 0.3 1339  27.20 22.97 25.94 0.95
$16-5.5-0.4 o 0.4 1784  28.94 22.97 26.65 0.92
$16-5.5-0.5 0.5 2230  29.40 22.97 27.18 0.92
$16-5.5-0.6 0.6 2676  29.76 22.97 27.58 0.93
$20-5.5-0.1 0.1 446 20.10 22.97 24.03 1.20
$20-5.5-0.2 0.2 892 24.37 22.97 25.37 1.04
$20-5.5-0.3 0.3 1339  27.58 22.97 26.26 0.95
$20-5.5-0.4 20 0.4 1784  29.23 22.97 26.88 0.92
$20-5.5-0.5 0.5 2230  29.63 22.97 27.35 0.92
$20-5.5-0.6 0.6 2676  29.90 22.97 27.71 0.93

Average value 1.00

Standard deviation 0.11

It can be seen from Table 2 that the calculation results using the proposed method agreed well with the
FE analysis. The relationship of the calculated initial stiffness with damper thickness and axial compression
ratio was shown in Fig. 6.

It can be seen that the calculated stiffness increases almost linearly with the increase of damper
thickness and logarithmically with the increase of axial compression ratio.
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Fig. 6 — Influence of tand n to K,

5. Conclusion

An innovative resilient rocking (IRR) column was proposed and the deformation characteristics of such
column under combined axial and horizontal load was introduced. This system, which was designed based
on the “strong-column/weak- damper” philosophy, provides a valid optional technique to achieve resilience
for moment-resisting frame structures, since all of the plastic deformation is concentrated within the
replaceable steel slit dampers. A simplified model to calculate the initial stiffness of the IRR columns was
proposed and verified using both test and FE results. The proposed equation provides a satisfactory
prediction of the initial secant stiffhess of the IRR columns.
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