Soil Dynamics and Earthquake Engineering 129 (2020) 105925

ELSEVIER

Contents lists available at ScienceDirect
Soil Dynamics and Earthquake Engineering

journal homepage: http://www.elsevier.com/locate/soildyn

EARTHQUAKE
ENGINEERING
I

Check for

Seismic drift response of seesaw-braced and buckling-restrained braced e

steel structures: A comparison study

Panagiota S. Katsimpini, Paraskevi K. Askouni, George A. Papagiannopoulos ,

Dimitris L. Karabalis

Department of Civil Engineering, University of Patras, Greece

ARTICLE INFO ABSTRACT

Keywords:

Seesaw system
Buckling-restrained braces
Steel structures

Seismic drifts
Soil-structure interaction
Angle of seismic incidence

A numerical comparison study of the interstorey and the residual interstorey seismic drifts of steel structures
equipped with the seesaw system and buckling-restrained braces is carried out. This investigation involves in-
elastic time-history seismic analyses of 2-, 5- and 8-storey 3-D steel structures, with specific orientation of col-
umns and configuration of braces, for the design basis earthquake. The effects of soil-structure interaction and
seismic incident angle are also considered in these analyses. Comparison of the seismic drift responses experi-
enced by the seesaw-braced and the buckling-restrained braced steel structures, reveals different peak interstorey

drift values but in many cases similar drift concentration along the height of the structures. Furthermore, the
seesaw-braced steel structures exhibit, in general, larger peak residual drifts than buckling-restrained braced

steel structures.

1. Introduction

After a major seismic event, the integrity of a structure, e.g. its ca-
pacity for immediate occupancy, should be certified via the explicit
consideration of seismic response indexes such as the peak drifts.
Focusing on steel structures, several studies, e.g. Ref. [1], have
demonstrated the necessity to consider residual (permanent) drifts after
an earthquake. Residual drifts, i.e. permanent drifts caused by yielding,
permit the evaluation of the seismic performance of a steel structure
regarding deformation and damage to its elements. In regions where
repeated earthquakes can take place in a short period of time, the
occurrence of a second or a third earthquake (not necessarily aftershocks
of the first earthquake), increases the collapse risk of a steel structure if
its residual drifts are significant [2]. The importance of residual drift has
been also recognized as a key design parameter of novel seismic force
resisting systems for steel structures, e.g., Refs. [3,4]. The limit value of
0.5% for residual drifts has been established as the threshold beyond
which any repair of a structure is unfeasible in comparison to its
rebuilding [5].

Over the past 20 years, buckling-restrained braces (BRBs) have
shown an increased popularity in China, Japan, Taiwan, United States
and other countries, as a primary force-resisting system for steel struc-
tures [6]. More recently, BRBs have also been applied for the seismic
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retrofit of older non-ductile structures [7]. BRBs, due to their stable and
symmetric cyclic hysteretic response, have the advantage of developing
full plastic strength in both tension and compression, providing, thus,
significant energy dissipation and ductility without exhibiting strength
degradation. The main disadvantage associated with BRBs is their ten-
dency to cause storey drift concentration, i.e. accumulation of signifi-
cant storey drifts in a few storeys without a more or less “uniform”
distribution along the height of a structure, which inevitably leads to
large residual storey drifts [8]. The reason behind these drift issues is the
low post-yield stiffness of the BRBs. In an effort to improve the seismic
drift behavior of steel structures with BRBs, back-up moment resisting
frames [9], different beam-to-column connections [10] and fixed base
columns [11] have been used. Nevertheless, the drift issues are certainly
decisive for both the design basis and maximum credible earthquakes,
and strongly influence the seismic collapse performance of
buckling-restrained braced steel structures [8,12-14]. Detailed design
requirements for steel structures with BRBs are provided in Refs.
[15-17]. EC 8 [18] does not provide yet any procedure for the design of
steel structures with BRBs, even though some works, e.g. Ref. [19], have
proposed design procedures in accordance with its framework.

A shift in the philosophy of seismic force resisting systems for steel
structures, i.e., from BRBs to self-centering braces and tension-only
braces, has been recently noticed. Among the various self-centering
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and tension-only braces proposed so far, e.g. Refs. [20-24], the notice-
able performance of the seesaw system towards the mitigation of the
seismic response of steel structures has been highlighted in Refs.
[25-29]. From the seismic response results of seesaw-braced low-rise
steel structures presented in Refs. [28,29], the main problem observed is
that of the possible failure of the spiral strand ropes (their tensile
strength is exceeded) beyond the design basis earthquake. This failure is
responsible for residual drifts in excess of the threshold 0.5% value.

The purpose of this work is to compare the interstorey drift (IDR) and
residual interstorey drift (RIDR) responses of low-rise seesaw-braced
and buckling-restrained braced steel structures using inelastic time-
history seismic analyses. In particular, 2-, 5- and 8-storey 3-D steel
structures designed with both the seesaw system or with BRBs are sub-
jected to a number of recorded seismic motions that represent the design
basis earthquake. The steel structures have specific orientation of col-
umns and configuration of braces. Effects of soil-structure interaction
and of seismic incident angle are also considered in these analyses. The
seismic drift response results presented include only those analyses in
which certain conditions regarding the seismic performance of steel
structures are satisfied. These conditions depend on the values of the
axial displacement of the BRBs, the tensile force of the spiral strand
ropes, the axial compression in columns of the lowest storey, as well as
on the level of acceptable plastic hinge rotations for beams and columns
which precede the formation of a soft-storey mechanism.

Comparison of the seismic drift responses experienced by the steel
structures for both bracing types examined, reveals different peak IDR
values but in many cases similar drift concentration. The peak RIDRs
seem to be more critical for the seesaw-braced than for buckling-
restrained braced steel structures. It should be noted that the results of
the drift responses presented in this study, and, therefore, the attempted
comparison study between the two bracing systems, depends on the
orientation (layout) of the columns as well as on the position and
configuration of the braces. Therefore, the drift results presented herein
are only indicative of the steel structures studied, but certainly offer a
clue towards the seismic behavior (or performance) of these special
types of braced steel structures.

2. Seismic analysis of 3-D steel structures

The 2-, 5- and 8-storey seesaw-braced and buckling-restrained
braced steel structures considered herein have a square plan configu-
ration of 18 x 18 m, storey heights of 3.0 m and bay spacing of 6.0 m in
each direction. The column orientation is shown in Fig. 1. Diaphragm
action is assumed at every floor due to the presence of a composite slab.
Dead and live loads on the composite slabs are 8.0 kN/m? and 3.0 kN/
m?, respectively. The steel structures are initially designed as typical
concentrically braced frames according to EC 3 [30] and EC 8 [18] with
fixed base. The design seismic load is calculated using the design spec-
trum of EC 8 [18] that corresponds to peak ground acceleration (PGA) of
0.36 g, soil type B and behavior factor equal to 3. The storey shear
computed from spectrum analysis is used in order to estimate: i) the
diameter of the spiral strand ropes for the seesaw-braced steel structures
and ii) the cross-section area of the core of the BRB for the
buckling-restrained braced structures. Effects of accidental torsion are
omitted. The stability coefficient is computed at every storey of the steel
structures and it is checked according to EC 8 [18]. A 20.0m x 20.0 m
rigid mat foundation is designed with depth 0.3 m, 0.6 m and 0.8 m for
the 2-, 5- and 8-storey steel structures, respectively. Soil-structure
interaction (SSI) effects are taken into account for soil types C and D.

2.1. Seesaw-braced steel structures

A typical seesaw system installed in a steel frame is shown in Fig. 2.
The 2-, 5- and 8-storey seesaw-braced steel structures are shown in
Fig. 3. The spiral strand ropes (shown with green colour in Fig. 3) are
anchored at both ends of the perimeter beams, at the same floor level,
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Fig. 1. Orientation of columns for the 2-, 5- and 8-storey seesaw-braced and
buckling-restrained braced steel structures.
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Fig. 2. The seesaw system installed in a steel frame.

and the seesaw device (involving the seesaw plates and linear viscous
dampers) is installed at the middle bay of the perimeter frames. All the
seesaw devices are considered to be centrally placed within the perim-
eter frame, in order to avoid any eccentricity issues.

A pretension is applied to the spiral strand ropes (about 10% of their
tensile breaking strength) and it is also assumed that their anchorage
type is such that the tensile breaking strength values do not need to be
reduced [31]. The gusset plates for the anchorage of the spiral strand
ropes are not modelled in order to keep the analyses simple and to avoid
the introduction of several parameters associated with their modelling,
e.g., welds, buckling, etc. Vertically positioned linear viscous dampers
(clevis-clevis configuration) with a damping coefficient of 250 kN/m are
utilized. Due to the mid-stroke length of these dampers, the height of the
vertical steel plates of the seesaw is 870 mm. The length of the hori-
zontal steel plate of the seesaw is 1600 mm.

The steel grade used is S235 for beams and S355 for columns and
seesaw plates. All connections of steel members are moment-resisting
ones except those of the secondary beams (interior beams at floor
levels that are not part of a frame) that are pinned. The design of the
seesaw-braced steel structures is performed by SAP 2000 [32]. Final
sections for columns, beams and for the diameter and the design tensile
breaking strength of the spiral strand ropes are mentioned in Table 1.
Referring to Fig. 3, the same diameter of spiral strand ropes is used in
both NS and EW directions of the seesaw-braced steel structures.

2.2. Buckling-restrained braced steel structures

The 2-, 5- and 8-storey buckling-restrained braced steel structures
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Figure 3. 2-, 5-, 8-storey seesaw-braced steel structures.

Table 1
Sections of beams & columns, diameters and design tensile breaking strengths of

the spiral strand ropes.

Steel Beams Columns Diameter Breaking strength
structure (mm) (kN)
2-storey IPE450 HEM 320 50 1560
5-storey IPE 500 HEM 600 110 7570
8-storey IPE500 HEM 700 115 8270

are shown in Fig. 4. BRBs (shown with green colour in Fig. 4) are
installed at the middle bay of the perimeter frames in a chevron
configuration. To account for the relative stiffness of core plate transi-
tions, brace end connections and gusset plate connections, the cross-
section area of the core of the BRB is modified following Ref. [33].
The gusset plate connections of the BRB-to-beam and of the
BRB-to-column are not modelled in order to keep the analyses simple
and to avoid the introduction of several parameters associated with their
modelling, e.g., welds, buckling, etc. The design axial displacement
which the BRB should accommodate is two times the design storey drift
(2%), i.e., 0.084 m. On the basis of this axial displacement, the strain

hardening adjustment and compression overstrength factors are used to
define the ultimate tensile and compressive yield strengths of the BRBs.
Beams and columns are then proportioned employing these factors in
order to remain elastic [16].

The steel grade used is S235 for beams and BRBs and S355 for col-
umns. All connections of steel members are moment-resisting ones
except those of the secondary beams (interior beams at floor levels that
are not part of a frame) that are pinned. The ends of the BRBs are also
considered pinned. The program ETABS [34] is used for the design of the
buckling-restrained braced steel structures, where commercial BRB
sections are available. The chosen sections for columns and beams and
the area of the BRB core are mentioned in Table 2. Referring to Fig. 4,
the area of the core of the BRBs is different in the NS and EW directions
of the buckling-restrained braced steel structures.

2.3. Inclusion of soil-structure interaction

The effects of soil-structure interaction (SSI) are included in the
following analyses via a discrete system of frequency independent
springs, dashpots and masses which effectively replace the mat foun-
dation and its surrounding soil, as reported in Ref. [35]. This discrete
system takes approximately into account the horizontal and vertical



P.S. Katsimpini et al.

!
!

N

\

W
)
X
?.“.:

Soil Dynamics and Earthquake Engineering 129 (2020) 105925

T e
= s\,""a_.
=T —
=S
PES== S =t By
i S ] B--‘
\‘%\9 s

W

\/ \\,
VS
N/

&
A
\Y

4
X\

\/
£y

L
X

\
y

A'A'\l\“.\\'&‘\"l\
AN
A

\
[

A\

N
0

A
D AW,
[[\\

‘/.’ < LS P<] ”
B> %2 szws;!{Z
5 AN 7
B2 (OGS e 3
P sle’ iy

vaVa
A‘\
O
%0
WA
SREN
N
R
2

o

R

N
7

Fig. 4. 2-, 5-, 8-storey buckling-restrained braced steel structures.

Table 2
Sections of beams, columns and BRB core.
Steel Beams Columns Direction: Storey/BRB core (in cm?)
structure
2-storey IPE HEM NS & EW: 1st/32, 2nd/23
450 320
5-storey IPE HEM EW: 1st/55, 2nd/52, 3rd/45, 4th/32, 5th/23
500 600 NS: 1st/39, 2nd/35, 3rd/29, 4th/23, 5th/19
8-storey IPE HEM EW: 1st/55, 2nd/52, 3rd/48, 4th/42, 5th/
500 700 39, 6th/32, 7th/26, 8th/16

NS: 1st/39, 2nd/35, 3rd/32, 4th/29, 5th/26,
6th/23, 7th/19, 8th/13

translations as well as the rocking and torsion of a rigid mat foundation
resting on a homogeneous half space. However, it cannot handle
non-linear effects like uplift of the foundation.

For the cases of soil types and structures studied herein, inertial SSI
effects are dominant and, thus, kinematic effects may be neglected. In
comparison to soft and very soft soils (soil types C and D), SSI effects for
stiffer soils (soil type B) are small and, thus, they can be neglected, e.g.
see Ref. [36].

The values for the springs, dashpots and masses of the aforemen-
tioned discrete system are calculated utilizing the formulas provided in

Ref. [35]. These values correspond to linear soil behavior but can be
turned into equivalent linear ones following the recommendations of EC
8 in consideration of the anticipated soil nonlinearity at strong ground
motions [36]. In particular, the shear modulus of soil types C and D is
obtained using a shear wave velocity equal to 270 m/sec and 180 m/sec
and a soil density equal to 1800kgr/m® and 1900kgr/m°, respectively.
The shear modulus is then conservatively reduced to 16% of its initial
value in order to take into account the development of non-linear soil
deformations in soil types C and D for large levels of ground accelera-
tion. Due to the aforementioned reduction of the shear modulus of soil
types C and D, the shear wave velocity of these soil types is less than
100 m/sec, which is in accordance to the SSI consideration requirement
of EC 8 [36]. According to Ref. [35], only one such discrete system is
needed to model a rigid mat foundation. This discrete system originates
from the geometric centre of the mat foundation (geometric centre of the
framing system of Fig. 1) and it is connected to the lower end of all steel
columns (including the vertical members of the seesaw system for the
seesaw-braced steel structures) via horizontal rigid elements.

The steel structures of Figs. 3 and 4 are then dimensioned for the
design spectrum of EC 8 [18] and soil types C and D, with PGA 0.36 g
and behavior factor 3. The thus calculated geometric properties of the
steel structures founded on soil types C and D are the same as those in
Tables 1-2 (corresponding to soil type B), even though the stress ratio of
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Table 3
Modal properties of steel structures (soil type B).
Steel structure Mode number Period (sec) Mass participation — Translation x Mass participation — Translation y Mass participation — Torsion z
2-storey seesaw-braced 1 0.458 0 0.898 0
2 0.342 0.865 0 0
3 0.324 0 0 0.875
2-storey with BRBs 1 0.253 0 0.818 0
2 0.212 0.884 0 0
3 0.149 0 0 0.895
5-storey seesaw-braced 1 1.053 0 0.845 0
2 0.671 0.781 0 0
3 0.666 0 0 0.795
4 0.344 0 0.098 0
5 0.198 0 0 0.120
6 0.192 0.129 0 0
5-storey with BRBs 1 0.513 0 0.810 0
2 0.424 0.790 0 0
3 0.314 0 0 0.788
4 0.188 0 0.078 0
5 0.165 0 0 0.117
6 0.140 0.135 0 0
8-storey seesaw-braced 1 1.658 0 0.835 0
2 1.086 0.774 0 0
3 1.053 0 0 0.791
4 0.535 0 0.091 0
5 0.302 0 0 0.084
6 0.276 0.078 0 0
8-storey with BRBs 1 0.854 0 0.774 0
2 0.724 0.757 0 0
3 0.533 0 0 0.751
4 0.293 0 0.144 0
5 0.231 0.141 0 0
6 0.179 0 0 0.150

Table 4
Modal properties of steel structures (soil type C).
Steel structure Mode Period Mass participation — Mass participation — Mass participation — Mass participation — Mass participation —
number (sec) Translation x Translation y Rocking x Rocking y Torsion z
2-storey seesaw- 1 0.617 0 0.638 0.285 0 0
braced 2 0.580 0 0 0 0 0.887
3 0.572 0.594 0 0 0.362 0
4 0.266 0 0.070 0.594 0 0
5 0.264 0.134 0 0 0.527 0
2-storey with 1 0.561 0 0.767 0.333 0 0
BRBs 2 0.530 0.698 0 0 0.409 0
3 0.466 0 0 0 0 0.790
4 0.259 0 0.124 0.474 0 0
5 0.249 0.182 0 0 0.396 0
5-storey seesaw- 1 1.453 0 0.663 0.384 0 0
braced 2 1.213 0.614 0 0 0.464 0
3 0.956 0 0 0 0 0.887
4 0.403 0 0.120 0.404 0 0
5 0.350 0.023 0 0 0.120 0
6 0.311 0.138 0 0 0.269 0
5-storey with 1 1.278 0 0.771 0.463 0 0
BRBs 2 1.188 0.726 0 0 0.516 0
3 0.767 0 0 0 0 0.807
4 0.334 0 0.125 0.400 0 0
5 0.292 0.133 0 0 0.310 0
6 0.249 0 0.080 0.032 0 0
8-storey seesaw- 1 1.722 0 0.585 0.531 0 0
braced 2 1.297 0.573 0 0 0.559 0
3 1.040 0 0 0 0 0.771
4 0.557 0 0.108 0.111 0 0
5 0.403 0.073 0 0 0.073 0
6 0.318 0 0 0 0 0.097
8-storey with 1 2.154 0 0.772 0.683 0 0
BRBs 2 2.035 0.749 0 0 0.706 0
3 1.085 0 0 0 0 0.680
4 0.404 0 0.180 0.215 0 0
5 0.341 0.146 0 0 0.177 0
6 0.300 0 0 0 0 0.079
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Table 5
Modal properties of steel structures (soil type D).

Soil Dynamics and Earthquake Engineering 129 (2020) 105925

Steel structure Mode Period Mass participation — Mass participation — Mass participation — Mass participation — Mass participation —
number (sec) Translation x Translation y Rocking x Rocking y Torsion z
2-storey seesaw- 1 0.646 0 0.677 0.268 0 0
braced 2 0.604 0.641 0 0 0.335 0
3 0.590 0 0 0 0 0.893
4 0.283 0.165 0 0 0.591 0
5 0.281 0 0.095 0.645 0 0
2-storey with 1 0.571 0 0.749 0.362 0 0
BRBs 2 0.543 0.677 0 0 0.441 0
3 0.480 0 0 0 0 0.814
4 0.266 0 0.141 0.471 0 0
5 0.254 0.204 0 0 0.395 0
5-storey seesaw- 1 1.520 0 0.677 0.379 0 0
braced 2 1.335 0.643 0 0 0.437 0
3 1.023 0 0 0 0 0.899
4 0.425 0 0.149 0.462 0 0
5 0.367 0.145 0 0 0.394 0
6 0.335 0.079 0 0 0.096 0
5-storey with 1 1.312 0 0.764 0.479 0 0
BRBs 2 1.226 0.718 0 0 0.531 0
3 0.787 0 0 0 0 0.827
4 0.342 0 0.131 0.400 0 0
5 0.298 0.141 0 0 0.313 0
6 0.249 0 0.082 0.035 0 0
8-storey seesaw- 1 1.829 0 0.606 0.527 0 0
braced 2 1.434 0.606 0 0 0.548 0
3 1.060 0 0 0 0 0.788
4 0.578 0 0.152 0.165 0 0
5 0.433 0.219 0 0 0.232 0
6 0.351 0 0.100 0.041 0 0
8-storey with 1 2.220 0 0.767 0.695 0 0
BRBs 2 2.106 0.744 0 0 0.718 0
3 1.108 0 0 0 0 0.706
4 0.410 0 0.178 0.223 0 0
5 0.347 0.145 0 0 0.184 0
6 0.311 0 0 0 0 0.110
some sections is greater for the case of soil type D than those of soils B
and C. The modal properties, i.e., the periods and the mass participation Table 6
factors of the first few dominant modes of vibration of the steel struc- Seismic ground motions.
tures of Figs. 3 and 4 are shown in Tables 3-5 for the cases of soil types B, No.  Earthquake, Date Recording M,  Soil
C, D, respectively. On the basis of Tables 3-5, one may notice, as it is Location Station Type
expected, a period increase of the first modes of the steel structures for 1 San Fernando, U.S.A.  February 09, Pacoima Dam 6.6 LR
the cases of soil types C and D in comparison to soil type B. The mass 1971
participation factors for soil types C and D are also different than those of 2. Vrancea, Romania August 30, INCERC 73 SL
soil type B due to the translation, rocking and torsion of the rigid mat 1986
. . 3. Superstition Hills, U. November 24, Parachute Test 6.5 SL
foundation. The seesaw-braced steel structures founded on soil type B SA 1987 Site
are more flexible than the corresponding buckling-restrained braced 4. Loma Prieta, U.S.A. October 17, Los Gatos 70 HR
ones. The modal periods of the 2- and 5-storey steel structures for both 1989
bracing types and for soil types C and D are close. However, for soil types 5. Cape Mendocino, U.  April 25,1992 Petrolia 6.9 SR
C and D, the 8-storey buckling-restrained braced structures are more S-A.
flexible th h di b d 6. Landers, U.S.A. June 28, 1992 Lucerne Valley 7.3 SL
exible than the corresponding seesaw-braced ones. - Northridge, U.S.A. January 17, Rinaldi 67 SL
1994 Receiving St.
2.4. Ground motions and modelling for inelastic time-history analyses 8. Northridge, US.A. January 17, Newhall 67 SL
1994
. ) . . 9. Northridge, U.S.A. January 17, Sylmar 6.7 SL
The steel structures shown in Figs. 3 and 4 are subjected simulta- 1994 Converter St.
neously to the two horizontal components of the 11 seismic motions 10.  Kobe, Japan January 17, Takatori 6.9 SL
presented in Table 6. In this table additional details pertaining to loca- 1995
tion, date, recording station, moment magnitude M,, and soil type, can 1L ;hri“c;“‘“h’ New gz‘;rl“ary 22, Resthaven 63 sL
ealan:

also be found. Regarding the soil type, the abbreviations HR, SR and SL
correspond to hard rock, sedimentary and conglomerate rock, and soil/
alluvium, respectively.

All seismic motions of Table 6 have been obtained from recording
instruments located near zones of fault rupture. Near-fault seismic mo-
tions have been repeatedly reported in literature to produce major
deformation demands and essentially significant residual deformations
[37]. It is also known in literature [38] that in the near-fault region, the
component of motion normal to the fault is stronger than that parallel to

the fault as well as that the fault-normal component exhibits large ve-
locity pulses. Therefore, the fault-normal and fault-parallel components
of the seismic motions of Table 6 are maintained without being modified
by either amplitude scaling or spectral matching procedures. On the
other hand, finding the critical orientation of near-fault seismic motions,
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Table 7
Number of acceptable and unacceptable responses and peak drifts of steel structures without SSI (fixed base).
Steel structure Seismic incident Unacceptable response - Number Acceptable response - Number Acceptable response - Peak Acceptable response - Peak
angle of motions of motions IDR (%) RIDR (%)
2-storey seesaw- 0° 1 10 1.50 0.21
braced 90° 0 11 1.50 0.16
180° 1 10 1.50 0.23
2-storey with 0° 0 11 4.00 0.24
BRBs 90° 0 11 3.20 0.27
180° 4 7 2.50 0.24
5-storey seesaw- 0° 4 7 3.00 0.55
braced 90° 6 5 2.60 0.27
180° 4 7 1.80 0.27
5-storey with 0° 5 6 3.80 0.24
BRBs 90° 5 6 3.60 0.48
180° 5 6 2.60 0.17
8-storey seesaw- 0° 8 3 1.50 0.30
braced 90° 8 3 2.40 0.45
180° 8 3 1.40 0.28
8-storey with 0° 4 7 3.00 0.20
BRBs 90° 5 6 3.40 0.31
180° 8 3 3.00 0.12
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Fig. 5. IDR responses of the 2-storey seesaw-braced (a) and buckling-restrained braced (b) fixed base steel structures.
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i.e., the one that produces the maximum seismic response, is also a
challenging task since this critical orientation varies not only with the
seismic motion pair considered but also with the response parameter of
interest (IDR or RIDR) [39-41]. In view of the above, the seismic mo-
tions of Table 6 are employed in time-history seismic analyses according
to their as-recorded orientation. More specifically, these seismic motions
are applied in the direction of the two orthogonal structural axes of
Fig. 1 considering three values for the horizontal angle of seismic inci-
dence, i.e., 0°, 90° and 180°, with respect to the geometric centre of the
framing system of Fig. 1.

Large levels of inelastic seismic response are expected when the steel
structures of Figs. 3 and 4 are subjected to the seismic motions of
Table 6. In particular, the mean 5%-damped elastic response spectrum of
the seismic motions of Table 6 in each direction surpasses the elastic
design spectrum (mentioned previously in section 2) by at least 10% for
a period range 0.2T1-2.0T;, where T; is the fundamental period of the
structure under study. The lower and upper bounds on T; are selected to
capture higher mode response and period elongation effects,
respectively.

The seismic response of the steel structures shown in Figs. 3 and 4 is

determined through inelastic time-history analyses using SAP [32] for
the seesaw-braced structures and ETABS [34] for the
buckling-restrained braced ones. Geometrical non-linearities are also
taken into account. Beams and columns are modelled using standard
frame elements with concentrated plasticity and 2% strain hardening.
Plastic hinges in beams are formed due to uniaxial bending, whereas
those in columns due to interaction of axial force-biaxial bending. The
limits for plastic hinge rotations for the frame members are defined in
Refs. [32,34] according to ASCE 41-17 [38]. The innate viscous damping
of the steel structure is considered to be 3%. The constants of the Ray-
leigh damping matrix are then defined utilizing the fundamental period
of the structure and the period of its highest mode of significance. Dia-
phragm action is assumed at every floor due to the presence of the
composite slab.

The hysteresis model of the BRBs should include an appropriate
isotropic hardening law or a combination of isotropic and kinematic
hardening [8,42,43]. This is particularly important when assessing the
force demands imposed to beams and columns by the BRBs. However, in
an effort to stay on the conservative side, in the seismic response com-
putations conducted in this work, the BRB is modelled as an inelastic
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Fig. 7. IDR responses of the 5-storey seesaw-braced (a) and buckling-restrained braced (b) fixed base steel structures.

truss member on the basis of an equivalent area [19,33]. The post-yield
stiffness of the BRB is assumed to be 2% of its axial elastic stiffness. A
nominal yield strength of 245 MPa is assumed for the BRB in order to
acknowledge the variability of yield stress in the material of the core.
The gusset plate connections of the BRB-to-beam and of the
BRB-to-column are not modelled, even though they may affect the
effectiveness of the BRBs, since such details would introduce a number
of additional parameters the investigation of which is beyond the scope
of this work.

Linear viscous dampers are modelled as discrete damping elements
using the ‘Link element’ option implemented in Refs. [32,34]. The
horizontal and vertical steel plates of the seesaw are modelled as rigid
elements, whereas the spiral strand ropes are modelled as cable elements
considering geometrical non-linearities and pretension. Depending on
the length and properties of the spiral strand ropes, the level of pre-
tension is different for each steel structure, e.g., approximately 16 kN for
the 2-storey one. Nevertheless, this pretension is necessary because it
ensures direct activation of the spiral strand ropes under the initiation
and the subsequent reversals of seismic motion.

The ‘Link element’ of Refs [32,34] is also employed to model the

discrete system of springs, dashpots and masses [35] in order to capture
the effects of SSI. The inelastic time-history seismic analyses are firstly
conducted for fixed base steel structures where SSI is absent, and then
for steel structures founded on soil types C or D where SSI is present.

3. Seismic response results

In the following, the drift responses of seesaw-braced and buckling-
restrained braced steel structures of Figs. 3 and 4 are compared on the
basis of similar seismic input data (seismic motions, angle of seismic
incidence, soil type). In particular, height wise distributions for peak
IDRs and RIDRs as well as the seismic motions for which acceptable
seismic response occurs are provided. Unacceptable seismic response is
attested if one or more of the following conditions are met: a) the spiral
strand ropes of the seesaw-braced structures fail; b) the axial displace-
ment of the BRBs surpasses its design value; ¢) RIDRs are in excess of
0.55%; d) the axial compression in columns of the lowest story is beyond
60% of their design axial strength; e) hinge rotations in beams and
columns are beyond the life-safety level (LS) [32,34,38]; f) plastic hinges
occur at both ends of columns and the formation of a soft-storey
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mechanism starts. Overall, if an unacceptable seismic response is found,
this indicates a high probability of collapse of the particular steel
structure under consideration.

Regarding the behavior of the seesaw-braced steel structures, in all
analyses performed, the linear viscous dampers do not fail, i.e., their
maximum stroke or maximum force is not exceeded. On the other hand,
for a significant number of seismic analyses either the value of 0.55% for
RIDR is exceeded and/or the design tensile strength of the spiral strand
ropes is exceeded. The IDR and RIDR results of these seismic analyses are
not included in the corresponding plots in order to reveal the cases
(number of seismic motions) in which the seesaw-braced steel structures
experience unacceptable seismic response. Excluding, thus, those
seismic analyses where spiral strand ropes fail and/or RIDR exceeds
0.55%, one observes the following for the rest seismic analyses: i) plastic
hinge rotations of beams and columns are found to be either below the
10 (Immediate Occupancy) level or between the IO and LS (Life Safety)
levels, while the LS level is never exceeded and ii) soft-storey mecha-
nisms do not occur.

Referring to the behavior of the buckling-restrained braced steel
structures, in all analyses performed, the design axial displacement of
the BRBs is not exceeded. Nevertheless, for a significant number of
seismic analyses, undesired plastic hinge excursions take place at the
upper end of the columns of the lowest storeys, leading, thus, to a soft-
storey mechanism. This is mainly attributed to the simultaneous yield of
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a number of BRBs. A similar observation has also been reported in
Ref. [44]. The IDR and RIDR results of these seismic analyses are not
included in the corresponding plots in order to reveal the cases (number
of seismic motions) in which the buckling-restrained braced steel
structures experience unacceptable seismic response. Excluding, thus,
those seismic analyses where soft-storey mechanism occurs, one ob-
serves the following for the rest of seismic analyses: i) plastic hinge ro-
tations of beams and columns are found to be either below the IO
(Immediate Occupancy) level or between the 10 and LS (Life Safety)
levels, while the LS level is never exceeded.

The legends in the figures involving IDR and RIDR plots correspond
to the numbering (No.) of seismic motions following Table 6. For the
cases of steel structures founded on soil types C and D, the net IDR and
RIDR values in the direction of the two orthogonal structural axes of
Fig. 1 are computed. More specifically, the relative displacement Ag; of
the i storey is calculated as: Ad; = Aj-Aj.1-0H, where A;j and A;; are the
displacement of the i and G-1)® storey, respectively, 0 is the rotation of
the foundation in the direction considered and H is the height of the it"
storey.

3.1. Steel structures neglecting SSI (fixed base condition)

The number of acceptable and unacceptable responses as well as the
peak IDR and RIDR values of the acceptable responses neglecting SSI,
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are shown in Table 7 where the following observations can be made: a)
the 2-storey seesaw-braced steel structures perform slightly better than
those equipped with buckling-restrained braces, in terms of the number
of unacceptable responses (2 against 4) and peak RIDR (0.23% against
0.27%); b) the 5-storey seesaw-braced steel structures perform
marginally better than the buckling-restrained braced ones in terms of
the number of unacceptable responses (14 against 15) but exhibit larger
peak RIDR (0.55% against 0.48%); c) the 8-storey seesaw-braced steel
structures perform worse than the buckling-restrained braced ones in
terms of the number of unacceptable responses (24 against 17) and
exhibit larger peak RIDR (0.45% against 0.31%). Figs. 5-10 provide the
comparative peak IDR and RIDR responses of the steel structures sub-
jected to the seismic motions of Table 6 for the most unfavourable (on
the basis of the number of unacceptable responses and/or peak accept-
able RIDR) case of seismic incident angle (marked with bold characters
in Table 7). RIDR values of the unacceptable responses reach 1.2% for
both seesaw-braced and buckling-restrained braced steel structures
fixed at their base.
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3.2. Steel structures considering SSI — soil type C

The number of acceptable and unacceptable responses as well as the
peak IDR and RIDR values of the acceptable responses considering SSI,
are shown in Table 8 where the following observations can be made: a)
the 2-storey seesaw-braced steel structures perform slightly worse than
the buckling-restrained braced ones in terms of the number of unac-
ceptable responses (4 against 3) and peak RIDR (0.42% against 0.32%);
b) the 5-storey seesaw-braced steel structures perform worse than the
buckling-restrained braced ones in terms of the number of unacceptable
responses (20 against 10) and peak RIDR (0.47% against 0.38%); c) the
8-storey seesaw-braced steel structures perform better than the
buckling-restrained braced ones in terms of the number of unacceptable
responses (15 against 19), however, they exhibit the same peak RIDR
(0.45%). Figs. 11-16 provide the comparative peak IDR and RIDR re-
sponses of the steel structures subjected to the seismic motions of Table 6
for the most unfavourable (on the basis of the number of unacceptable
responses and/or peak acceptable RIDR) case of seismic incident angle
(marked with bold characters in Table 8). RIDR values of the
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Table 8
Number of acceptable and unacceptable responses and peak drifts of steel structures with SSI (soil type C).
Steel structure Seismic incident Unacceptable response - Number Acceptable response - Number Acceptable response - Peak Acceptable response - Peak
angle of motions of motions IDR (%) RIDR (%)
2-storey seesaw- 0° 2 9 3.20 0.36
braced 90° 0 11 2.70 0.30
180° 2 9 3.20 0.42
2-storey with 0° 0 11 4.20 0.25
BRBs 90° 1 10 4.00 0.22
180° 2 9 3.60 0.32
5-storey seesaw- 0° 7 4 2.40 0.33
braced 90° 7 4 3.10 0.47
180° 6 5 2.20 0.33
5-storey with 0° 2 9 5.00 0.37
BRBs 90° 3 8 4.20 0.38
180° 4 7 3.70 0.25
8-storey seesaw- 0° 4 7 2.70 0.32
braced 90° 7 4 3.20 0.33
180° 4 7 2.80 0.45
8-storey with 0° 6 5 2.70 0.25
BRBs 90° 6 5 2.60 0.45
180° 7 4 2.70 0.20

12
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unacceptable responses reach 1.5% for both seesaw-braced and
buckling-restrained braced steel structures.

3.3. Steel structures considering SSI — soil type D

The number of acceptable and unacceptable responses as well as the
peak IDR and RIDR values of the acceptable responses considering SSI,
are shown in Table 9. Based on these results the following observations
can be made: a) the 2-storey seesaw-braced steel structures perform
slightly better than the buckling-restrained braced ones in terms of the
number of unacceptable responses (5 against 7), but they exhibit larger
peak RIDR (0.43% against 0.39%); b) the 5-storey seesaw-braced steel
structures perform worse than the buckling-restrained braced ones in
terms of the number of unacceptable responses (24 against 9) and peak
RIDR (0.50% against 0.26%); c) the 8-storey seesaw-braced steel
structures perform slightly better than the buckling-restrained braced
ones in terms of the number of unacceptable responses (15 against 17),
however, they exhibit larger peak RIDR (0.51 against 0.27%).
Figs. 17-22 provide the comparative peak IDR and RIDR responses of

the steel structures subjected to the seismic motions of Table 6 for the
most unfavourable (on the basis of the number of unacceptable
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responses and/or peak acceptable RIDR) case of seismic incident angle
(marked with bold characters in Table 9). RIDR values of the unac-

ceptable responses reach 1.6% for both seesaw-braced and buckling-
restrained braced steel structures.

3.4. Discussion on the drift response results

It is of interest to compare the drift response results obtained from
inelastic time-history seismic analyses per type of structure, taking into
account the effects of SSI and angle of seismic incidence. In total, 99
cases involving 11 seismic motions, 3 angles of seismic incidence and 3
base conditions (fixed base, base founded on soil types C and D) are
studied for each one of the structures of Figs. 3 and 4.

Starting with the 2-storey steel structures, a small advantage is given
to the seesaw-braced structures over the buckling-restrained braced
ones in terms of total acceptable responses regardless of the presence or
absence of SSI and the angle of seismic incidence. In particular, seesaw-
braced structures provide acceptable responses in 88 cases in contrast to
85 cases for the buckling-restrained braced structures. However, one
should note that when SSI effects are included, the seesaw-braced

structures exhibit larger peak RIDR in comparison to the buckling-
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Fig. 12. RIDR responses of the 2-storey seesaw-braced (a) and buckling-restrained braced (b) steel structures (soil type C).

restrained braced ones. The RIDR trend is reversed when SSI is absent.
For the two types of braced structures studied in this work, peak IDRs are
different even though a similar drift concentration along height is
exhibited.

Moving to the 5-storey steel structures, major advantage is given to
the buckling-restrained braced structures over the seesaw-braced ones
in terms of total acceptable responses in presence of SSI and regardless of
the angle of seismic incidence. Out of the 66 (SSI considered) cases,
buckling-restrained braced structures provide acceptable response in 48
in contrast to just 22 of the seesaw-braced structures. On the other hand,
when SSI is absent, out of 33 cases, the seesaw-braced structures provide
acceptable response in 19 and the buckling-restrained braced structures
in 20. Considering or neglecting SSI, seesaw-braced structures exhibit
larger peak RIDRs in comparison to buckling-restrained braced ones.
The two types of structures studied in this work exhibit different peak
IDRs but similar drift concentration patterns along height.

Finally, regarding the 8-storey steel structures, advantage is given to
the seesaw-braced ones over the buckling-restrained braced ones in
terms of total acceptable responses in presence of SSI and regardless of
the angle of seismic incidence. Out of the 66 (SSI considered) cases,

14

seesaw-braced structures provide acceptable response in 36 in contrast
to 30 of the buckling-restrained braced structures. The trend is reversed
when SSI is absent where out of 33 cases, the buckling-restrained braced
structures provide acceptable response in 16 and the seesaw-braced
structures in 9. Considering or neglecting SSI, seesaw-braced struc-
tures exhibit larger peak RIDRs in comparison to buckling-restrained
braced ones. Nevertheless, one should note that for soil type C, both
types of braced structures exhibit the same peak RIDR. Peak IDRs and
drift concentration patterns along the height are different for the two
types of braced structures.

4. Synopsis and conclusions

The seismic drift responses of some low-rise 3D seesaw-braced and
buckling-restrained braced steel structures are numerically investigated
and the results are discussed from a comparative point of view. The
numerical investigation involves a number of seismic motions and
seismic incident angles as well as the presence or absence of SSI.

The comparative seismic drift response results demonstrate that
seesaw-braced and buckling-restrained braced steel structures exhibit
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Fig. 13. IDR responses of the 5-storey seesaw-braced (a) and buckling-restrained braced (b) steel structures (soil type C).

different peak IDR values but in many cases similar drift concentrations,
i.e., drift accumulation at specific storeys. Peak RIDR should be the
decisive seismic design factor for these two types of braced steel struc-
tures. However, in particular, this study reveals that larger peak RIDRs
can be observed for the seesaw-braced steel structures than those
outfitted with buckling-restrained braces. Nevertheless, it should be
noted that the comparative drift response results between these two
types of braced steel structures depend on the orientation (layout) of the
columns as well as on the position and configuration of the braces.
Therefore, the seismic drift results presented herein are only indicative
of the seesaw-braced and buckling-restrained braced structures studied,
but certainly offer a clue towards the overall seismic behavior of these
special types of braced steel structures.

It is important, as a future work, to conduct seismic analyses of these
two types of braced steel structures for different column layouts and
brace configurations as well as for specific levels of expected seismic
motion, i.e., corresponding to operational, design basis and maximum
credible earthquake. Incremental dynamic analyses should be also per-
formed in order to assess the collapse resistance of these two types of

15

braced steel structures. To further investigate the seismic damage and
collapse potential of these two types of braced steel structures, a more
detail modelling using finite elements is required for gusset plates
(buckling, fracture of welds), BRB (out-of-plane buckling, fracture) and
spiral strand ropes (anchorage to gusset plates, localized bending close
to anchorage points).

The seismic behavior of steel structures with BRBs constitutes mature
knowledge that has been already implemented in seismic design codes.
On the contrary, knowledge of the seismic behavior of steel structures
equipped with the seesaw system is still limited. The purpose of this
work is to offer some evidence towards the approval or disapproval of
the seesaw-braced steel structures from the engineering community.
Control of RIDR, the ‘Achilles heel’, for seesaw-braced and buckling-
restrained braced steel structures is a ‘challenge’ for the former but a
‘must’ for the latter.
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Table 9
Number of acceptable and unacceptable responses and peak drifts of steel structures with SSI (soil type D).
Steel structure Seismic incident Unacceptable response - Number Acceptable response - Number Acceptable response - Peak Acceptable response - Peak
angle of motions of motions IDR (%) RIDR (%)
2-storey seesaw- 0° 2 9 3.50 0.43
braced 90° 0 11 2.90 0.37
180° 3 8 2.30 0.33
2-storey with 0° 3 8 4.90 0.23
BRBs 90° 2 9 5.00 0.17
180° 2 9 5.00 0.39
5-storey seesaw- 0° 8 3 2.30 0.15
braced 90° 8 3 3.10 0.50
180° 8 3 2.30 0.12
5-storey with 0° 2 9 5.00 0.26
BRBs 90° 3 8 4.50 0.26
180° 4 7 3.60 0.15
8-storey seesaw- 0° 4 7 3.00 0.27
braced 90° 8 3 2.00 0.14
180° 3 8 3.10 0.51
8-storey with 0° 6 5 2.70 0.24
BRBs 90° 5 6 2.90 0.27
180° 6 5 2.70 0.18
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Fig. 18. RIDR responses of the 2-storey seesaw-braced (a) and buckling-restrained braced (b) steel structures (soil type D).
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Fig. 19. IDR responses of the 5-storey seesaw-braced (a) and buckling-restrained braced (b) steel structures (soil type D).
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Fig. 20. RIDR responses of the 5-storey seesaw-braced (a) and buckling-restrained braced (b) steel structures (soil type D).
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