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1. ABSTRACT

Earthquake resilient steel frames, such as frames with self-centering connections or frames
with passive energy dissipation devices, have been extensively studied during the past
decade but little attention has been paid to their column bases. The paper presents a
rocking damage-free steel column base, which uses post-tensioned (PT) high strength steel
bars to control rocking behavior and friction devices to dissipate seismic energy. Contrary
to conventional steel column bases, the rocking column base exhibits monotonic and cyclic
moment-rotation behaviors that are easily described using simple analytical equations.
Analytical equations are provided for different cases including yielding or loss of post-
tensioning in the PT bars and their efficiency is compared with numerical results from a
three-dimensional non-linear finite element (FE) model in ABAQUS. Moreover, a
simplified model is developed in OpenSees to evaluate how the use of the rocking column
base affects the global behavior of a self-centering moment-resisting frame. Nonlinear
dynamic analyses show that the rocking column base fully protects the first story columns
from yielding and eliminate the first story residual story drift.

2. INTRODUCTION

Conventional seismic-resistant structures, such as steel moment resisting frames (MRFs),
are designed to experience inelastic deformations under strong earthquakes [1]. Inelastic



deformations result in damage and residual story drifts, and inevitably, in high repair costs
and disruption of the building occupation. The latter socio-economic risks highlight the
need for minimal-damage structures, which can reduce both repair costs and downtime.
Many earthquake-resilient steel frame typologies have been extensively studied during the
last decade but little attention has been paid to their column bases (CBs).

Conventional steel CBs consist of an exposed steel base plate supported on grout and
secured to the concrete foundation using steel anchor rods. In terms of strength, CBs are
typically designed as full-strength so that plastic hinges are developed in the bottom end of
the first story columns [1], [2]. Apart from the fact that plastic hinges in the columns
induce non-repairable damage, this design approach needs very strong CBs with adequate
over-strength. Alternatively, Eurocode 8 allows the design of partial-strength CBs designed
to develop plastic deformations. Such design philosophy however needs the knowledge of
the plastic rotation capacity of the CB, which is difficult to predict. Most importantly, field
observations after strong earthquakes confirmed the susceptibility of CBs to difficult-to-
repair damage such as concrete crushing, anchor rod fracture and base plate yielding [3].
Several alternative CBs has been proposed recently with the goal of overcoming the
shortcomings of conventional CBs. Some of them used steel bars as re-centering system
[4], while others used replaceable bolts. An alternative approach has been presented in [5]
where the column base was equipped with asymmetric friction devices.

This paper presents an innovative rocking damage-free steel CB, recently proposed by [6],
which uses post-tensioned (PT) high strength steel bars to control rocking behavior and
friction devices (FDs) to dissipate seismic energy. Contrary to conventional steel CBs, the
proposed CB has monotonic and cyclic moment-rotation behaviors that are easily
described using simple analytical equations. Analytical equations are provided for different
cases including structural limit states that involve yielding or loss of post-tensioning in the
PT bars. A step-by-step design procedure is developed, which ensures damage-free
behavior, self-centering capability, and adequate energy dissipation capacity for a
predefined target CB rotation. A three-dimensional non-linear finite element (FE) model is
developed in ABAQUS [7], which is used to validate the efficiency of the moment-rotation
analytical equations and the design procedure. A simplified model is developed in
OpenSees [8] to evaluate how the proposed CB affects the global behavior of a steel frame.
A prototype steel building is designed as a self-centering moment-resisting frame (SC-
MRF) with conventional or rocking CBs. Nonlinear dynamic analyses show that the
rocking CB fully protects the 1% story columns from yielding and eliminate the 1% story
residual story drift.

3. ROCKING DAMAGE-FREE COLUMN BASE

Fig. 1(a) shows the proposed rocking damage-free CB. A thick steel plate with rounded
edges is welded on the bottom of a circular hollow steel section. The rounded edges help
the CB to avoid damage during rocking. Four PT high strength steel bars are symmetrically
placed around the center of the CB to control the rocking behavior. The PT bars are
anchored to the bottom of the foundation and to a thick plate welded on the top of the
hollow steel section (i.e. anchor plate in Fig. 1(a)). FDs are placed to the four sides of the
CB to provide energy dissipation. The FDs consist of two external steel plates bolted to the
base plate and drilled with aligned rounded holes; an internal steel plate with inclined
slotted holes, welded to the circular hollow section; and two plates of brass material in the
interface. Rocking of the CB results in sliding of the internal plate with respect to the brass
and external plates, and thus, in energy dissipation due to friction. Pre-tensioned bolts are
used to tune the friction force in the FDs. More details are reported in [6].
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Fig. 1. a) 3D view of the proposed column base; b) fundamental dimensions and forces in the FDs and PT
bars at the onset of rocking for loading from left to right

Fig. 1(b) shows the dimensions of the CB that control the moment-rotation behavior due to
rocking, i.e. b = dimension of the contact surface; bpr = distance among the PT bars; brp =
distance among the FDs; and /srp = distance of the FDs from the base plate. Fig. 1(b)
shows the forces in the CB’s components when it is at the onset of rocking with respect to
its right edge under the effect of the internal axial force (N), shear force (V), and bending
moment (M). In Fig. 1(b), Frr. and Frra are the forces in the PT bars while Frpu, Frp.« and
Frpc are the forces in the FDs. The subscripts u and d denote whether the point of
application of these forces will move upwards or downwards during rocking. The subscript
¢ denotes the force in each of the two central FDs. The lever arms of the forces with
respect to the center of rotation zpzu, zrrd, ZFD,u, ZFD,c, ZFD,d are easily derived from the main
dimensional parameters [6]. The moment contribution of the axial force, &, is given by

M, =N-b/2 (1)

The forces in the PT bars are functions of the rotation, &, of the CB and are given by

FPT,u =T, +K,, “Zpru -0 Jor 0< HPT,u,y (2.a)
FPT,d = T["T _KPT “Zprg” 0 fOi’ o< ePT,d,f (2b)

where Tpr is the initial post-tensioning force of each PT bar; Kpr = EprApr/Lrr the stiftness
of each PT bar; Epr the Young’s modulus; Aprr the cross-sectional area; Lrr the length of
each PT bar; 6pruy the rotation at which the PT bars (in position u) yield; and Grras the
rotation at which the force of the PT bars (in position d) becomes zero, i.e. when loss of
post-tensioning occurs. The PT bars should be designed to avoid either yielding or loss of
post-tensioning for a target rotation &r. The moment contribution of the PT bars is given by

MPT (0) = 2|:TPT (ZPT,u _ZPT,d)+KPT (le’T,u +Zir,d)0] fOI’ 0< HT (3)
The friction force, Frp,, in each FD is given by
Fop,=Mppn,-N,  with  i=u,c,d 4)

where wrp is the friction coefficient of the surfaces in contact; ns the number of bolts; and
Nb the bolt preloading force. Therefore, the moment contribution of the FDs is given by
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Fig. 2(a) shows the moment contributions of the axial force, Mu; the PT bars, Mpr; and the
FDs, Mrp. The decompression moment, Mg, and the moment at the onset of rocking, Mp,
are given by

M, =M +M, and M, =M, +M, (6)

where Mpro = moment provided by the PT bars at zero rotation (i.e. = 0.0 in Eq. (3)). The
rotational stiffness contribution of the PT bars is given by

Spr =2K,; (Z;T,u + Z;T,d) (7
Therefore, the moments of the cyclic M-8 behavior of the CB in Fig. 2(b) are given by

M =M,=M,+M,, ,+M,, (8.2)
M,=M,+S,.0, (8.b)
M, =M, +S§,60,-2M,, (8.c)
M,=M,-2M,, (8.d)

To ensure that the CB provides full self-centering capability, M+ > 0 or MEe > MFp.
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Fig. 2. Moment-rotation behavior of the column base. a) moment contribution of the axial force, My; of the
PT bars, Mpr; and of the FDs, Mrp, b) hysteretic behavior

4. CASE STUDY ROCKING COLUMN BASE

The novel CB is designed for a HEB 300 and an axial forces of Nesc = 537.8 kN with a
corresponding plastic moment resistance My rs = 308.9 kNm. A 6r = 0.023 rad is used for
the design of the CB. A circular hollow section with 323.9 mm diameter and 40 mm
thickness is adopted. A circular steel plate with circular rounded edges with a radius of 40
mm 1s welded at the bottom of the hollow section, and hence, b = 243.9 mm. The distance
among the PT bars, bprr, is 390 mm. The PT bars material properties are Epr =205 GPa and
Srpr = 900 MPa. The design is based on the methodology proposed in [6] and on the
following equations
E, A

1 MT _2%(227.;' +Z[2’T.d)9T
K= ) = Ny
ZAPTfy.PT (ZPT,U T Zpra ) 1+ L
a, (9.2)
e<l— EPT “Zpru 'Hr =K o> EPT “Zpr.a 'HT =K.
fy,PT 'LPZ and fy.Pr ‘LPT (9b)



where Mr = Mnra/yr is the moment at &r that, through the capacity coefficient yr, protects
the column from yielding (i.e. yr = 1.4) and asc = Me/Mrp is a design parameter that
controls self-centering capability (i.e. asc =1.3). Apr, Lrr and « are the design variables of
the problem and x = orr/f;,pr is the stress ratio in the strands (orr and f;,pr are respectively
the stress and the yield stress of the strands) for the definition of the initial post-tensioning
force. Fig. 3(a) shows the variation of x with respect to Lpr for different drr values.
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Fig. 3. a) Variation of k with respect to Lpr for different dpr values, (b) moment-rotation behavior of the
column base

Any pair of x and Lpr within the highlighted acceptable zone can be selected but the
optimum design is close to the intersection of the xmin and xmax curves. In this example, dpr
=15 mm, Lpr= 2240 mm, k= 0.189 (Trr =30 kN), Gprzu,y = 0.0252 rad and Grrar= 0.0255
rad. Fig. 3(b) shows the moment-rotation behavior for the column base. The
decompression moment, Mk, is equal to 80.3 kNm, the moment at the onset of rocking,
Mb, is equal to 142.0 kNm, and the moment provided by the FDs, Mrp is equal to 61.7
kNm. FDs are introduced on the four sides of the column base; the relevant dimensions are
brp =623.9 mm and hrp = 315 mm. The friction coefficient urp is equal to 0.15. Four M12
class 10.9 bolts are preloaded at 45 kN to achieve the required friction force.

5. FINETE ELEMENT MODELS FOR THE COLUMN BASE
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Fig. 4. (a) Monotonic moment—rotation behavior of the column base; (b) forces in the PT bars for analysis
with P-A effects (results are practically the same for analysis without P-A effects).



Simplified and detailed FE models are developed in OpenSees [8] and ABAQUS [7],
respectively, to simulate the behavior of the rocking CB. Fig. 4(a) shows the monotonic
moment-rotation curve for rotations up to 0.07 rad. Fig. 4(b) shows the forces in the PT
bars (loading direction from left to right) as functions of the rotation of the CB. It is seen
that yielding of the left PT bars and loss of post-tensioning of the right PT bars take place
almost simultaneously at rotations close to the target one (i.e. 0.023 rad). Excellent
agreement of the results is also obtained for cyclic analyses confirming the effectiveness of
the design procedure. Additional details are reported in [6].

6. EFFECT OF ROCKING COLUMN BASES ON GLOBAL SEISMIC RESPONSE

A 5-story, 5-bay by 3-bay steel building with two perimeter SC-MRFs with PT beam-
column connections is used as case study. The design basis earthquake (DBE) is expressed
by the Type 1 elastic response spectrum of Eurocode 8 [1] with PGA equal to 0.35g and
ground type B. The maximum credible earthquake (MCE) is assumed to have intensity
equal to 150% the DBE intensity. The SC-MRF has been modeled in OpenSees [8] in a
similar way as in [9] for cases with conventional and with rocking CB. The SC-MRF with
conventional CBs has 77 = 0.94 sec, while the SC-MRF with the rocking CBs has 77 =
0.867 sec. The difference is due to the shorter flexible length of the 1% story columns in the
case with rocking CBs. Ten earthquake ground motions are used for nonlinear dynamic
analyses. They are scaled to the DBE and MCE seismic intensities which is described by
the spectral acceleration, Sa, at 77, while the inherent damping ratio is 3%. The results
show that the SC-MRF with conventional CBs experiences appreciable residual 1% story
drifts due to 1% story column yielding. Such residual drifts reach values close to 0.5%
under individual earthquake ground motions (i.e. a critical value as the limit beyond which
repair of a steel building may not be economically viable). The use of the rocking CBs
eliminates the 1% story residual drift. Fig. 5(a) shows the 1% story drift time histories of the
SC-MRFs for a specific earthquake ground motion scaled at the DBE intensity. The two
SC-MRFs experience similar peak 1% story drifts but the residual 1% story drifts are
minimized in the case with the rocking CBs. For the same ground motion, Fig. 5(b)
compares the stress-strain hysteresis in the flanges of one of the 1 story columns. The SC-
MRF with conventional CBs experience plastic deformations and damage, while the use of
rocking CBs fully protects the columns from yielding.
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Fig. 5. a) 1" story drift time histories for a specific ground motion scaled at the DBE intensity; (b)Stress-
strain hysteresis in the flanges of one of the 1° story columns of the SC-MRFs for a specific ground
motion scaled at the DBE and MCE intensities



7. CONCLUSIONS

A rocking damage-free steel column base has been presented. The column base uses post-
tensioned (PT) high strength steel bars to control rocking behavior and friction devices to
dissipate seismic energy [6]. Contrary to conventional steel column bases, the rocking
column base has monotonic and cyclic moment-rotation behaviors that are easily described
using simple analytical equations. Analytical equations are provided for different cases
including structural limit states that involve yielding or loss of post-tensioning in the PT
bars. A step-by-step design procedure was presented, which ensures damage-free behavior,
self-centering capability, and adequate energy dissipation capacity under a predefined
target column base rotation. A three-dimensional non-linear finite element (FE) model of
the column base was developed in ABAQUS. The results of the FE simulations validate the
accuracy of the moment-rotation analytical equations and demonstrate the efficiency of the
design procedure. A simplified model for the column base was developed in OpenSees and
validated against the detailed FE models. A prototype steel building was designed as a self-
centering moment-resisting frame with conventional or rocking column bases. Nonlinear
dynamic analyses show that the rocking column base fully protects the 1% story columns
from yielding and eliminate the 1% story residual drift without any detrimental effect on
peak story drifts.

8. REFERENCES

[1] EUROCODE 8. “Design of structures for earthquake resistance. Part 1: General rules, seismic
action and rules for buildings”. European Committee for Standardization, Brussels, Belgium,
2005.

[2] EUROCODE 3. “Design of steel structures — Part 1.8: Design of Joints”. European
Committee for Standardization, Brussels, Belgium, 2005.

[3] GRAUVILARDELL J.E., LEE D., HAJJAR J.F., DEXTER R.J. “Synthesis of design, testing
and analysis research on steel column base plate connections in high-seismic zones”. Report
ST-04-02, Dept. of Civil Engineering, Univ. of Minnesota, USA, 2006.

[4] CHI H., LIU J. “Seismic behavior of post-tensioned column base for steel self-centering
moment resisting frame”. Journal of Constructional Steel Research, No. 78, pp. 117-130,
2012.

[S] BORZOUIE J., MACRAE G.A., CHASE J.G., RODGERS G.W., CLIFTON G.C.
“Experimental studies on cyclic performance of column base strong axis — aligned
asymmetric friction connections”. Journal of Structural Engineering (ASCE), No. 142(1),
04015078, 2016.

[6] FREDDI F., DIMOPOULOS A.C., KARAVASILIS T.L. “Rocking damage-free steel column
base with friction devices: design procedure and numerical evaluation”, Earthquake
Engineering & Structural Dynamics. DOI: 10.1002/eqe.2904.

[71 ABAQUS/Standard and ABAQUS/Explicit — Version 6.13.1. ABAQUS Theory Manual,
Dassault Systems, 2013.

[8] MCKENNA F., FENVES G.L., SCOTT M.H. “OpenSees: Open system for earthquake
engineering simulation”. PEER Center, Berkeley, CA, 2006.

[91 DIMOPOULOS A.l, TZIMAS A.S., KARAVASILIS T.L., VAMVATSIKOS D.
“Probabilistic economic seismic loss estimation in steel buildings using post-tensioned

moment-resisting frames and viscous dampers”. Earthquake Engineering & Structural
Dynamics, DOIL: 10.1002/eqe.2722, 2016.



ROCKING DAMAGE-FREE STEEL COLUMN BASE WITH FRICTION
DEVICES

Fabio Freddi
Marie Sktodowska Curie Research Fellow
School of Engineering, University of Warwick
Coventry CV4 7AL, UK
E-mail: freddi.fabio82@gmail.com

Christoforos A. Dimopoulos
Marie Sktodowska Curie Research Fellow
School of Engineering, University of Warwick
Coventry CV4 7AL, UK
E-mail: dchristoforos@hotmail.com

Theodore L. Karavasilis
Professor of Structures and Structural Mechanics
Faculty of Engineering and the Environment, University of Southampton
Southampton SO17 1BJ, UK
E-mail: T.Karavasilis@soton.ac.uk

HEPIAHYH

TNUavTIKN EPEVVO. £XEL GUVTEAEGTEL Y10 TNV OVATTTLEN AVTIGEIGHIKMOV PLETOAAIK®DY TAUGI®V
KOVOV VoL OTOQUYOVV TIC TAUCTIKEG TOPAUOPPOGELS Kol PAGPEC 6TO QEP®Y OpPYOVIGUO
(doxoi, LVTOGTLAMUATO, Y1oTOl CUVOEGUOL, GUVOECELS SOKOV-VTOCTVAMUATOC). [lapoia
oVTO EAAYIOTEG EPYUCIEG £XOVV ECTIAGEL OTIC GVVOECELS £OPAOTC TOV VTOGTLAMUATOV. H
gpyacio mapovotdlel véo oOVOEST €0paoNG UETOAMK®DY VITOGTUAMUATOV UNOEVIKNG
préPnc. H ovvoeon Poaciletar 6to MKVIGHO 1630POL KOVIOD VLTOGTUADUOTOS e
KOTOAANAN SLOUOPO®OT] TOL EAAGLOTOC BACNG Y10 TNV ATOPLYN GLYKEVIPW®ONG TACEMV.
[Ipogvtetapévorl petailikoi papootl TPOGdHId0VY AVTO-EXAVUPEPOLEVT] GUUTEPLPOPE EVHD M
AmOCPECT) EVEPYELNG EMITUYYXOAVETOL HEC® GCULVOLOCHOD HETOAAIK®V EAOCUATOV Kot
TPOEVIETOUEVOV KOYADV Yo, TV avartuén tpipng. H epyasio mapovoidlel tpiodidotata
HovTéAD TEMEPACUEVOY oTolyeimv oto mpodypoupue. ABAQUS vy 1t mpotewvopevn
oVVdEDN £0pOoTG KO CUYKPIOT) TV OMOTEAECUATMOV TOVG ME AMAES OVOAVTIKEG EEICMGELG
TEPLYPOAPNG TNG VOTEPNTIKNG GVUTEPLPOPAG. T amoTEAEGUATA TOV OVOAVGE®V KOl 1
nmpoavapepbeica ocvykpion deliyvouv OtL 11 ovvdeon Oe mopovodlel PAGPN kot 4Tl M
VOTEPNTIKN GUUTEPIPOPE TNG UTOPEL VO, TPOGOUOIMOEL TKAVOTOMTIKA UE OMAEC OVOAVTIKEG
ebionoelg. Emmiéov, osiopkég avardoelg oto mpoypoppa OpenSees deiyvouv 0Tt
HETOAMKG TAQICL OV YPNGILOTOIOVV TN TWPOTEWOLEVT] GUVOEST] PdAonc amopehyovv
TANPOGC TIC TAOCTIKEG TOPAUOPPADCELS OTO VTOGTLAMUOTO KOl EAOYIGTOTOOVV 1N
TOPAUEVOVGH YOVIOKT] TOPAUOPPMOGT] TOL TPAOTOV 0pOPOV.



