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SEISMIC PROTECTION OF TIMBER PLATFORM FRAME
BUILDING STRUCTURES WITH HYSTERETIC ENERGY
DISSIPATORS. FEASIBILITY STUDY

Edgar Segué§ Francisco Lopez Almansg Inmaculada R. Cantalapiedra

ABSTRACT: This paper describes a feasibility study of newstésetic energy dissipators for seismic protectibtimber
platform frame buildings, either for retrofit orrfoew construction. The system consists in conngdtie timber frame to a
steel framed structure that includes the new enéiggipators devices, designed to absorb mosteo$eéismic input energy
thus protecting the timber frame and the otherl stemmbers; alternatively, the system might contatimer dissipative
devices. The steel structure comprises horizonganblike elements, vertical column like elementsl ahevron-like
bracing members; the beam-like elements are sedtsl @mbracing each slab of the building and tleeihg members hold
the energy dissipators. The steel structure isssgdporting, i.e. the timber frame is not affecbgdhorizontal actions and
can be designed without accounting for any seigmiwision; in turn, the steel members do not pgudite in the main
carrying-loads system. The timber-steel contaceven, smoothed and spread; it guarantees that idhding of the
dissipators is prior to any timber failure. Thisearch belongs to a wider project aiming to prontbge structural and
constructional use of timber in seismic regionss ttesearch includes experiments and advanced mahsimulation
aiming to derive accurate design criteria. Compariwith unprotected buildings and other earthqualsistant solutions is
in progress.
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1 INTRODUCTION research aims to contribute to overwhelm the lasi t

) ) ) limitations by proposing additional energy dissgvat
Timber construction offers relevant environmental gevices to protect the wooden members from damage
benefits, if wood is collected from local and sussaly  generated by seismic inputs. As is mentioned ldit@ber
exploited forests, since promotes the plantatiorireés platform frame buildings are much spread and gatiest

and itself stores carbon during its lifetime, theslucing  of the seismic vulnerability; for these reasonss thork
the greenhouse effect. On the contrary, the steeicrete  f5cyses on them.

and masonry competing materials have high harmful

environmental impacts: energy consumption, landscap Timber platform frame constructions with thin-paetél
destruction and air emissions. Furthermore, woodenWalls are essentially an assembly of vertical amzbntal
construction presents other relevant advantagegh hi Wooden framed panels [1]. The horizontal floor andf
reusability and recyclability, moderate cost, highistance =~ panels are constituted by a top wood-based sheathin
/ weight ratio, simpler foundations because of ineber ~ board (plywood or oriented strand board OSB) sueplor
lightweight, construction rapidity, insulating gitels, and by side and inner timber joists. The vertical parmnsist
nice-looking aspect. Conversely, timber has somgma ©f two wood-based sheathing boards also (plywood or
drawbacks for structural and constructional useiitid  oriented strand board OSB) framed with timber stls
strength, heterogeneity and anisotropy, hygroséypic top and bottom sides of each panel are reinforcgd w
shrinkage, swelling, controversial ~fire resistance, binders (also known as rails or plates). The whbtse
degradability, maintenance requirements, difficubj  load-bearing capacity and can be either exterratiging)

connections and contentious seismic resistances Thi Of internal (partitioning). Belonging this consttion
technology to the platform timber frame family, the

- _ — _ vertical panels are one-story high; can be eithbplev

1E. $egues, Technical University of Catalonia, Bimea. (unpierced) or with door or window openings. The
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panels is commonly established by nailing the hinde
the joists. This construction type is usually cdeséd only
for buildings not exceeding six floors.

1.1 SEISMIC BEHAVIOR OF TIMBER
PLATFORM FRAME STRUCTURES

Wooden constructions are, potentially, highly resis to
earthquakes due to their lightweight, to the higimgding
of wood, to the increased resistance of timberajidly
varying forces, and to the high structural redumgan

mostly in the platform frame system. However, these

qualities do not suffice because, under severemgeis
excitations, the constructions need to be ductile;
capable to absorb the input energy by means oéstiel
deformations but without collapse. Contrary to ataie
common belief, timber is a rather brittle materaid
cannot provide enough ductility to the constructitims
lack impairs the seismic qualities of timber coustions,
together with the important unpredictability of the
damping characteristics of timber. The traditiosalution

to this problem consists in using mechanical cotioes
with enough ductility but, if they are damaged afievere
ground motions, such damage is mainly focusednmbe,
thus preventing any possibility of repair. Curreesearch
has focused in designing and testing connectiorth wi
higher energy dissipation capacity [2][7], but inck
connections the damage initiates in timber inste&d
concentrating only in the metal elements. In otlerds,
mechanical connections are capable of absorbing gfar
the energy introduced by the seismic input but seradrgy

The measured fundamental periods in either hor&ont
direction of both buildings (0.23-0.33s in two stor
building and 0.41-0.42s in six story building) cée
considered grossly representative of short and height
edifices. Hence, the timber platform frame buildinig in
the short or mid period ranges of the design enspggtra
[14][17]; such ranges correspond usually to growang to
constant branches of the design spectra, respbctive
Therefore, even if the supplemental dampers iner¢as
stiffness of the building, the subsequent shorgmihthe
fundamental period is unlike to lead to any ris¢hefinput
energy.

For timber platform frame buildings the basic equidke-
resistant design strategy [18] consists in seténgugh
length of lateral resisting walls and of providithgm with
adequate shear resistance. This objective is adisirag
through the proper design of the nailed connectiand
using plywood sheathing board rather than OSB. Kerot
approach rests on incorporating bracing membertheo
wall panels [19]. To prevent the uplift, verticakal ties
have been suggested [11]; such hold-down mecharzsens
intended to limit the uplift and rocking of the ctad shear
walls.

2 PROPOSED SEISMIC PROTECTION
SYSTEM
Energy dissipators [20]-[21] are elements extetnathe

main structural system, in the sense that they db n
participate in the gravity-loads-carrying systenhey are

is absorbed through irreparable damage in the timbe connected to the structure as experiencing impbrtan
members; moreover, in most of the cases, the energyleformations under interstory drift motions. Thrbupese

absorption capacity is only limited. Conversely,xine
section 2 describes a more clever approach resing
energy dissipators.

As is described above, in the context of the se&ismi
functioning of timber constructions the timber fdam
frame offers high structural redundancy and is xtreene
lightweight construction. However, it suffers oflimited
horizontal resistance. The lateral strength is fgain
provided by the shear capacity of the vertical ttfing
boards and by the nailed connections between s st
and the boards [8]. Moreover, in buildings with Higlan
aspect ratio, the limited strength of the slabstdader the
diaphragm effect. Given that the lateral strengttoiv, it
can be globally said that timber platform frameldinigs
are vulnerable to severe earthquakes. This vulilityais
increased when the ground floor configuration resgiiof
diaphanous spaces.

Given the aforementioned limitations, importaneatton
has been paid to the earthquake-resistant desitimbér
platform frame buildings; the NEESWood researchgato
[9]-[13] perhaps being the clearest demonstratibhat
project consisted in designing, assembling andngggin
shaking tables two buildings with two and six steri
respectively.

deformations, the dissipators absorb energy, thus
protecting the rest of the construction; said irclearer
way, they can be considered as “structural fuses! the
“weakest links") of the structural chain. Furthemaothese
elements can be easily replaced after having being

damaged by strong earthquakes.

The hitherto proposed devices can be classifiech wit
respect to their dissipation mechanisms into: hgsie
(vielding of metals), friction, viscoelastic matsds,
viscous fluids, super-elasticity (shape memory yal)p
among others. The hysteretic devices can provideliext
performance yet being significantly cheaper andp&m
than the other dissipators are.

In most of the cases, the energy dissipators faamse
protection of building structures are connecteth®main
frame through additional bracing systems. Thereftite
seismic efficiency of the dissipators must be jutidpy
comparing three major design options: bare framem(é
without any bracing), protected frame (frame with
dissipative devices) and braced frame (frame wigid r
connections without energy dissipators). The sopigyiof
the second option compared to the two other isfrfam
obvious; the paper [22][22] shows that, globallgaking,
this pre-eminence can be true for mid-height ot tal



buildings but in short buildings frequently a conient
option might be installing rigid bracing systemshisr
conclusion relies on extensive nonlinear dynaméadyasis.

A number of dissipative devices have been consibfme
the seismic protection of timber platform framel8inigs;
the reference [23]-[31] presents a wide literatreeiew.
These studies clearly stated the efficiency of edéht
types of energy dissipators for reducing the seasmi
response of timber platform frame buildings. Howeve
these researches do not investigate the capacittheof
dissipative system to absorb the damaging patefriput
energy.

The offered technology has been designed to fulfié
requirements stated in section 2 along with corbpyi
with the current timber construction practice; ermgib has
been placed on economy, simplicity, ease of praduct
and installing, robustness, and
requirements. Consequently, only timber
elements are used, without chemical connectionsyedis
the derived solutions offer a high degree
prefabricability.

of

The proposed earthquake-resistant solution reolts the
combination of two parallel-connected structuratemns:

a traditional timber platform frame and an addigbn
peripheral steel bracing system including hysteretiergy
dissipators. The design of both systems and ofr thei
connection allows that the timber frame carriesgtavity
loads and the steel members take the forces gedebgt
horizontal actions, e.g. wind and earthquakes. timero
words, the vertical and horizontal actions are seply
withstood by the timber and steel structural system
respectively; i.e. the timber/steel structures designed
without accounting for any horizontal/vertical actj
respectively.

The proposed solution is primarily meant for timber
platform frame buildings with symmetric rectangupdan
configuration, i.e. without relevant re-entrant roens or
edge recesses, and with uniformity along the heigét
without significant setbacks. The steel protecystem is
formed of four vertical truss-like planar structsire
connected to each of the building fagades by $teles, as
shown byFigure 1. This layout is intended to provide plan
symmetry and torsion strength; special attentios theen
paid to this last issue, giving the aforementiot@ion
effects detected in the NEESWood research projddt [

Figure 1Figure 1.b displays a 3-story timber building
incorporating a steel protective structure inclgdenergy
dissipators at each story; such devices are flexibeel
plates which are intended to yield (and thus, &sidate
energy) under interstory drift motions. The trugs-Isteel
structure comprises: (i) column-like vertical memshe
which are continuous down to foundation, (ii) horital
plate members embracing the whole building at eshoty
level thus constituting a kind of confining steedltband
(iii) single-story trusses.
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Figure 1 Proposed steel seismic protection system

The connections among these members will be ribi:
column-like vertical members have two purposes: to
transmit to the foundation the vertical forces gated by
the horizontal shear forces in the flexible stdates, and

to provide residual lateral stiffness to the buitfliafter the
yielding of the flexible plates. The plated stedlthis
continuously joined to the adjacent timber headest joy
nailing or other equivalent mechanical connectdrke
segments of the belt that are right above the phsisie
devices are locally reinforced to guarantee thestrassion

of forces between the steel members of adjoiningest;
such stiffened segments are termed as “transfezl ste
plates”, seeFigure 1.b. In each floor, the dissipators are
rigidly connected by their lower end to the aforetiened
single-story rigid truss and by their upper endhe top
transfer steel plate. Under seismic excitation, ifessive
floor slabs draw the steel belts; the subsequestsitory
drift motion generates strains in the devices, rasve by
Figure 2.b The steel belts will be prestressed to avoid
separation from the timber beams due to wood sagek
or local wood compression; in this way, when thebgér
mass is pushing, the steel-timber stresses tramglfiebe
generated mainly by compression of the front timber
beams and by friction along the side timber beams.
Furthermore, since the steel belts produce a certai
confinement of the slabs, an additional benefitttuf
solution is an improved diaphragm behavior.

As discussed in section 2 the dissipators musttitotes
the “weakest link” in the lateral resisting systemamely,
the yielding of the dissipative devices should berpto
any other failure. Since steel is a lot more rasisthan
timber, a highly distributed, even and smoothedtacn
between both materials is pursued. As discussethen



previous paragraph, this objective is accomplisimedhly with different sizes. Both constant-width and X{séa

through the steel belts. plates [32] might be considered.
. s Re-centering capabilities might be provided, if med
ko st saal plats e necessary. Additionally, it should be pointed dudttthe
! el proposed steel system can add some strength togstro
. : - il winds, such as hurricanes and tornadoes.
meRrrar |—- I:Fadn:
s 3 ; | I LF Jeist
=l i ! 11 3 DISSIPATIVE BEHAVIOR OF THE
piazd ' ’ D = PROPOSED DEVICES
el smds stesl ~—{
i DRechmier, Y sk ey b x This section describes the dissipative behaviorthef
e flexible steel plates; seerigure 3.a represents the
e e deformation of a given flexible steel plate afigure 3.b
Tt sl s depicts the ensuing force-displacement law; thespio

Figure 3.b have been derived assuming an elastic-

perfectly-plastic behavior for the steel. Figure 3.a,1 is
il the clear length andandb are the thickness and the width
of the plate, respectivelyf andF1/2 are the reaction
forces andd is the transverse displacement of the plate.
Figure 2 Energy dissipators installed in the steel frame Figure 3.b shows that the force-displacement law has an
initial linear elastic branch followed by a curvethstic
branch.Fe and &g are the force and the displacement that
correspond to the onset of yielding in the extremetions;
after that, yielding is progressing and the curge i
accordingly becoming less steep. Once the plaatifio of
the extreme sections is completed, plastic hinges a
formed and the plate loses utterly its stiffne$sréfore,
the plastic branch approaches asymptotically to the
yielding force Fy. For modelling purposes, a bilinear
diagram whose initial branch has the same slope thea
elastic one and the second branch is horizontaksepts
the actual law. Figure 3.b shows that the corner
displacemend, can be read as the yielding displacement
of the bilinear model.

(1) Deformed dissipacor. Frons outsids view (e} Dissipasor. Side view

Figure 2 displays details of the connections between the
dissipators, the steel structure and the timbendraThe
connection between the dissipative devices andaer
truss is completely rigid. Conversely, the conrttivith

the upper steel members allows for vertical slidiggt
guaranteeing the compatibility between horizontal
displacements; the purpose of this capability is to
accommodate the vertical down displacement of theu
part of the dissipators caused by the big straihshe
flexible steel plates, saggure 2.b. Figure 2 points out that
such vertical sliding condition is attained througteel
studs with prestressed coil springs; the studsfizee to
the upper steel member and go across the top gldte
dissipators through pre-milled holes. The prest@ss
springs provide re-levelling capacity. The gap hestw the & - o
studs and the pre-milled holes in the upper stemhber (tem st e B

will be minimized to reduce the influence of pinahiin wirs Flizs / )

the hysteresis loop of the dissipators. . 5 ; } )L % actual beharior

Each energy dissipator device contains two paralieél % T

rigid plates and a series array of a number of lemal V:/: 5 4 8
parallel flexible (thin) steel plates. The rigidas are Bad

termed “anchorage plates”, since they are conneotéae {s) Deformation mode (b) Force-displacement relationship
top transfer steel plate and to the bottom steabstr
respectively Figure 2). Each flexible plate is clamped at

the interstory drift motion generates plastic begdi  contribution of the shear force to the deflectidhe

deformation of the flexible plates, thus dissipgtemergy.  following closed-form relations among the involveldstic
The holding sets are composed “steel separators” tqquantities are obtained:

guarantee the separation between adjacent flepiales . . 2
and two “end rigid bodies”. The separators arearggtlar _— Fte _ L bte L—Fb t 1)
steel plates and the end bodies are L-shaped with t Oel = IE¢ Fa = 3] - I

stiffening gusset plates. The separators, thelflexplates ) -
and the end bodies are perforated as to be threaakd In equation (1)E andf, are the steel modulus of elasticity

prestressed by high strength steel bolts: thistygesing and yie_lding point, respeptivelyndkis_ the stiffness _of the
effect guarantees the clamping of the flexible edatThe  force-displacement elastic branch, givenFoy k o. Given
devices are able to hold to any number of flexjblates

Figure 3 Dissipative Behavior of a flexible steel plate




that the plastic moment of a rectangular sectiognjisal to and hysteretic characteristics of the structures timaking

1.5 times the elastic one, it follows immediatédgit seismic design cumbersome, (ii) after the onsgtadtling,
2 2 the correlation between the design forces andttoetaral

8, =158 = Kl E =15F,; = Kbt 2) damage is poor, and (i) the damage caused by the
= 2Et ¥ = 21 cumulative inelastic excursions [35] is not accednfor.

In the derivation of equations (1) and (2), thestita More recently, displacement-based design procechaes

interaction between the shear force and the bending}jeen proposed [36]; in these strategies, the dynaffict

moment has been neglected. This assumption holdsigs of the input is represented by imposed displacespent
asl is significantly bigger thah turn obtained from displacement response speclasing

the design ground acceleration to the maximum ivelat
Under reverse cycling motion, the bilinear behavior displacement in the top of the building. This fotation
depicted inFigure 3.b turns into the hysteresis loop partially uncouples the input effectin terms of
displayed inFigure 4 dmax accounts for the maximum displacement from the characteristics of the structure and
transverse displacement. The smoothed brancheseof t allows for a satisfactory correlation between timpdsed

unloading branches are typical of hysteretic des/[68]. displacement and the component of the structunalagg
that is related to the maximum displacement. Ccselgy
_aF in this formulation, the component of damage that i

related to the cumulative plastic strain energyncarbe
appropriately considered. A more rational seisnesigh
approach, which also overcomes this difficulty, gists in
5. expressing the dynamic input effect through energy
- B response spectra via the Housner-Akiyama energy
formulation [20] and [34]. Interpreting the effecif
earthquakes in terms of energy is gaining extensive
attention [37]-[40]. This approach features threajan
i advantages: (i) the input effect in terms of eneagyg the
structural resistance in terms of energy dissipatiapacity
are basically uncoupled, (ii) except in the shoetriqd
range, the input energ,, introduced by a given ground
motion in a structure is a stable quantity, govdrne
primarily by the natural period and the massn, and
scarcely affected by other structural propertieshsas
resistance, damping and hysteretic behavior, aijdttie
consideration of the cumulative damage can be tiirec
addressed. In the energy-based methods, the design
criterion resides in the comparison between thensei
resistance of the structure in terms of energy rubiem
capacity and the effect of the ground motion immigrof
input energy. It is then necessary to establishBhaput
energy spectrum corresponding to the expected
earthquake, i.e. design input energy spectrum. The
structure is able to absorb, through damping, & aof
the input energy and the remaining part is dissipdiy
additional structural damage; this damaging partthef
input energy is commonly termed as hysteretic gnéxg
[41]. Once the kinetic and elastic energies haveasyeed,
the energy balance equation can be written as

Figure 4 Hysteresis loop of a flexible steel plate

The energy dissipated in one cycle is equal to afrea
encompassed by the loop displayedFigure 4 for a given
seismic input the absorbed enerBy depends on many
parameters, such as yielding force, maximum
displacement, duration, impulsivity, and frequency
content, among others. However, in normal condgi@n
might be grossly accepted that such energy is miated

to the yielding force and the maximum displacemsuath
conclusion relies on the assumption that the digpient
ductility (U = dmax/ 0y) and the cumulative ductility (in a
single device, n=Eq/F, %) are related by the
approximate relation = 4 (u- 1) [34]:
Ea=n@6y=4<u—ﬂ%6y=4(°sy—*—1)%6y=4@(6w—6y)*4% ®)
Equation (3) holds if p is sufficiently high, soathu — 1
can be approached by p.

4 SEISMIC DESIGN BASED ON INPUT

ENERGY SPECTRA Eg +E,=F (4)
In conventional earthquake-resistant design ofdmdls  |f the dynamic behavior of the building is desctbiy
and other constructions, the dynamic effect of ithaut lumped masses models, then
ground motion is represented by static equivalentefs,
which are obtained from acceleration response spect EC :I)'(TC)'(dt E :—I)'(TM rx}dt (5)

defined as the ratio between the peak ground aetiee
and the maximum absolute acceleration in the tothef
construction. This approach entails several drakdiag)
these equivalent forces are strongly coupled toethstic

C is the viscous damping matri, is the mass matrixfis
the relative velocity vector, is the influence vector and



% is the input ground acceleration; for 2D modelplain The design value of the stiffneksand the yielding force
: Fy of a given plate can be stated separately afteateans
(1) and (2) in terms of the geometrical parametbetsand
. For the sake of simplicity, all the flexible steéates can

symmetry buildings = (1,...,1). The energy-based design
is particularly well suited for constructions inporating

ener dissipators: they are designed to absorb th ; . . L .
hystegr)(/etic engrgy. In otr?/er words, t%e energy pissd e designed alike since the possibility of choosing

jointly by all the device&p should be bigger or equal than sepg(ately the nur_nber of plates for each _storywallo
Eu sufficiently for a tailored design. For any ser@say of

flexible steel platestigure 1 the joint yielding force and
Ep = En (6) stiffness are equal to those of each plate timesthmber

Commonly, E, andEy are normalized with respect to the of plates:

mass m of the building and expressed in terms of Vyi = Fynpi Ki = Knpi (8)

equivalent velocitie¥e andVp: In equation (8)Vyi, Ki andnyi are the yielding shear force,

— — the shear stiffness and the number of flexiblel stieees of
VE - 2E| /m VD - 2EH /m (7 thei-th story in a given direction (two opposite facside

. . espectively. Conversely to the uniform distribatio
For practical energy-based earthquake—re3|stanéesr(’:ribe d )tl>y equation {8), for the whole building &

design, Ve is Obtai_ned fr9m available design energy given direction, the total dissipated energy depeaigdo on
spectra andVp is estimated fromVe through  the istribution among the different stories and tbe
empirical expressions of the rafi / Ve: Vp = Ve accidental eccentricities. The variation of the igies
(Vo / VE). Among other researchers, [14] proposed yielding forces along the building height can besdzh
design energy input spectra for moderate seismicityeither on the complex approaches in [34] and [45p
regions and [15] and [16]-[17], proposed design the simpler method in [22]. The formulations of [3hd
energy input spectra for moderate-to-high seisicit [45] are based on a number of nonlinear time-hystor
regions based on Colombian and on Turkish registersanalyses and aim to obtain a rather uniform distitin of
respectively. Thes¥e input energy spectra depend the cumulatlvg |.nelast|.c deformation ratpln each Igvel
on the soil characteristics (stiff / soft), the speic ~ &0ng the building ‘height. In both studies, theldiieg

. . . ; force is normalized with respect to the weight abdtivat
design acceleration, the magnitude of the expecte

loor:
earthquakesMs < 5.5 andMs > 5.5) and the type of
seismic input (impulsive / vibratory registers); o = Vyi
conversely, they do not depend neither on the mass b zj-‘;.lw_ ©)
]

nor on the damping parameters. Moreover, except in

the short period range, th¥e spectra are also N is the number of floors. According to Akiyama, the
independent of the hysteretic behavior of the distribution ofa; obeys to two polynomial expressions:
structure. A number of researchers [15-[17] [38B][ . X _ -

[37]; have derived empirical expressions of théorat— < 0.2 &5 =1+ U.S‘T (10)
Vb / VE; such expressions depend on the soil type, the '

structural dampind, the fundamental period of the‘;l} i

i-1 P-4y i-1 -1 i-1
. . =02 —=141500 —- 10300 [ —| 4423883 |— ) - 304827 | —| +20.15%6| —
structureT, and the displacement ductility N P (y | vasl| -manl ¢ 7

5

5 DESIGN OF THE PROPOSED SYSTEM In the study by Benavent-Climent, the variation cof
. i . . . obeys to an exponential equation:
This section presents simplified, yet sound andhivéd,

design criteria of the proposed protective systemthe K L\i-1 o LT\i-1?] (11)
framework of the Performance-Based Design (PBD?, trxfe’fp[(i‘“-“zk_;““-iﬁﬁ) N _(U'S_G'GSE_MT_G)(\T)]
Immediate Occupancy (l10), Life Safety (LS) and @p#e

Prevention (CP) performance levels are accountefh}. In equation (11)kf is the lateral stiffness of theth timber

For buildings of normal importance, such levels q,qr T. is the fundamental period of the building in the
correspond to 72, 475 and 970 years return period.girection under consideration afig is the corner period of

respectively [44]. the Ve design spectrumTs period separates the initial
The design consists in selecting the geometrical an growing and the horizontal branches. Since therdate
mechanical parameters of the flexible steel plgted, t  resistance of the timber frame is neglected contparehe

andf,) and the number of plates per level and per doect ~ Steel system, in the considered timber platfornméa
(ni) trying to fulfill the requirements for the 3 codered ~ buildings it can be assumed reasonably that thecaer
performance levels.



distribution of the lateral timber stiffness is stant;
t

therefore:k—,;- =1.
k

N
The formulation described in [22] relies on represg
the effect of the expected seismic action in terofis
equivalent static forces; then, the yielding forateeach

story Vy; is selected as a given percentage of the

corresponding internal shear forces in each ohthays of
flexible steel plates. Usually, the considered eetages
range in between 50 and 100%.

If the vertical variation ofx; is selected according to the
aforementioned researches [22], [34] and [45]; the
cumulative inelastic deformation ratip in each floor is
expected to be rather uniform along the buildindglhte
The aforementioned approximate closed-form relation
betweenn and p § =4 (1 - 1), [34]) indicates that the
distribution of p will be also rather uniform; segt =0max

/ oy, if & is the same in all the floors, the vertical
distribution of the maximum transverse displacendat i

will be also approximately constant. Hence, accaydio
equations (3) and (8), the energy dissipated invthele
building is:

Al v A
ED::Z__IEdinp'i::Z_l“l'Fj‘lomw m::z _14Vyi i =
[ == | eii= | &=

In equation (12)y is a safety factor accounting globally for
the irregular distribution ofdmax; among the different
stories and for accidental eccentricities.

48 V"
ZH"W (12)

The proposed design approach consists in selettiag
geometrical and mechanical parameters of eachbfeexi
steel plate (b, I, t and fy) and of the number laftgs per
level and per direction npi to fulfill the requiremts for
I0, LS and CP conditions. Given the strong
interdependence among the involved quantitiesgdésign
process must be carried iteratively following altand-
error strategy. In future stages of research, mefi@ed
design criteria will be derived. They will be based
extensive nonlinear analyses of the building eceipwith
the protective steel system and undergoing seigmpiats
representative of the actual seismic hazard camditiThe
behavior of the timber members and the steel straaill
be described with the aforementioned advanced ricater
models to be developed. The steel members otherttiea
flexible steel plates can be designed later; thegukl
yield after the flexible plates and be significgnstiffer.
This higher stiffness allows minimizing the diffame
between the interstory driftA and the transverse
displacemens.

6 APPLICATION EXAMPLE

This section describes an application of the predos
system to a six-story timber platform frame apartme
building located in New Zealand [46]. The buildimgs
originally designed following the former New Zeathn
seismic design code [47]; an alternative earthquake
resistant approach based on the proposed techndasogy

described here. This case has been chosen to ponckso
a very demanding situation: the building is as tall it
allows the chosen structural solution, the weightthe
building is comparatively high, the seismic hazerdery
important and the soil is rather soft.

The considered building has a rectangular floon plith a
footprint of approximately 21 m by 31 m; the height
about 18 m. The soil is classified as type D adogrdo
the current New Zealand seismic design code [4Bg€p
or soft soil”). Since the building is uniform alonits
height, it fits the requirements for the propossthhology.
More details of the walls diaphragms configuratiare
given in the reference[46].

In the seismic design, a damping factor of 5% was
assumed. By numerical analysis, the fundamentabger
was found to be approximatelfx = 1 s. This period,
combined with the use of a displacement ductiligtér

= 4 and the site subsoil properties led to a desigse
shear coefficieni/ / W = 0.15;V is the base shear force
andW is the weight of the building. The design winddea
were considerably exceeded. According to the New
Zealand regulations [47] the building was also glesd for
serviceability conditions under a base shear aaefitV /

W = 0.10. The weight wa®/ =11 MN corresponding to
the load combinatio® + 0.4L [47]; D andL account for
dead and live load, respectively. Noticeably, ttracural
analysis showed that the components of the drift
deformation were typically: base rotation 28%, phpa
shear < 1%, nail slip 59%, and flexural deformatl@o.

6.1 ALTERNATIVE EARTHQUAKE-RESISTANT
SOLUTION

The proposed alternative solution consists in disgthe
timber frame for gravity loads only and in designithe
steel structure to resist the horizontal actionajniy the
seismic ones. It is estimated that the importasiticgon of
horizontal demanding forces on the timber membensidv
lead to a relevant weight reduction, from the efiation of
steel bracing members and from the use of thinmer a
lighter sheathing boards; this weight reduction sghp
compensates the steel added weight.

Immediate Occupancy The seismic demand in the
Immediate Occupancy damage state is quantifieérimg

of design acceleration spectra; such spectra atainel
from the New Zealand code [48]. The base shear
coefficient for the plateau of the design spectriam IO
conditions is given by

K_Ch(T)xeRst(T,D)xSp_3><0.4><0.4><1><0.?_0168
W k - 2 o

(13)

n

Ci(T) is the plateau spectral ordinaté,is the hazard
factor, Rs is the return period factor for 75 years return
period,N(T,D) is the near-fault facto$;, is the structural
performance factor, argl is the response reduction factor.
According to [49] it has been assumed that 2.



The flexible steel plates should not yield undes thase
shear force corresponding to the new initial séffs of the
building, e.g. before the yielding of the flexibkteel 395+
plates.

4 Ve (em/s)

Life Safety. The design for the Life Safety damage state is
based on inequality (6) where the demanding hytstere
energy E4 is determined after input energye spectra
corresponding to 475 years return period. Vaespectra

.
“nonlinear design
—
\\\ (n=20)
linear design

™,

. e ; . 0.32 T(s)
depend on the soil characteristics (stiff / sdftg seismic 1 1 >
design acceleration, the magnitude of the expected 0.18 1.60
earthquakesMs < 5.5 andMs > 5.5) and the type of (a) Linear/nonlinear spectrum derived from Turkish
seismic input (impulsive / vibratory registers).v& the registers [Yazgan 2012: Lopez-Almansa et al. 2013]

high local seismicity and the extreme proximity &o
active fault, it can be conservatively assumed that 5.5
and that the expected accelerograms will be mainly 150T ~—
impulsive. For the soft soil condition, thé spectrum
proposed in [16][17]; from Turkish registers is shmoin
Figure 5 .a. For linear analyses, the spectrunfigure 5.a
contains an initial linearly growing branch in tis@ort
period range (0-0.32 s), a plateau in the mid perémge

A Ve (cm/s)

™~ : 2
~_ nonlinear design (U = 20)
"~ linear design

(0.32-1.60 s) and a descendant branch with expdh&nt . TEf)
in the long period range (1.60-4.00 s). Excephin hort _ 3
period range, the input energy is a highly stahlangjty (b) Considered linear/nonlinear design spectrum for LS

[34] with respect to the hysteretic and dampingapaeters conditions
of the structure under consideration. Thereforer fo
nonlinear behavior (i.e.n > 1) the only required
modificatipn is an increase (_Jf the ini_tial growilbganch Comparison with the spectral ordinate of the platéa
slope. This slope increase will result in a reductof the Figure 5.2 (395 cm/s) indicates that such spectrum is
lowest corner period; fop = 20 the ratio between both significantly more demanding than the New Zealaodec
slopes is 1.78 [16][17], therefore, the corner @eri it can be roughly accepted that, in the mid periadge,
becomes 0.32/1.78 = 0.18 s. Both the linear amlimear  the equivalence factor is about 2.68ure 5.b presents the
spectra_ are characteristic, i.e. correspond_ to 9b&o considered design energy spectrum; the mid periaddh
percentile, and are referred to 475 years returioghe is horizontal, the spectral ordinate is selected aas
smoothed average of 136 and 161 cm/s, and the eniddp
ranges from the smallest values frofigure 5 .a to the
biggest values from the New Zealand code.

Figure 5 Input energy design spectra

The Vp spectrum is commonly obtained by multiplying the
Ve spectrum by a convenient value of tie / Ve ratio;
such ratio depends mainly on the damping faétothe

peric_)d Te. R_ef_erences [16][17] cor_ltain linear regression spectrum is obtained by multiplying thés spectrum
studies providing average expressiMis/ Ve =a Tr + b corresponding to the LS damage statigute 5.b) by the
where coefficientsa and b depend on{, u and Te. The  return period factoR, indicated in the New Zealand code
hysteretic energy can be obtained after equivalencg4g] for 1000 years return periodR, = 1.3. This
equation (7). This seismic demand in terms of mg$t®  consideration relies on assuming that the staaistic
energy can be coarsely compared with the requirest®n  pehavior of energy spectra in terms of velocitgirsilar to
the [48]. The comparison relies on the loose eden@  the one of acceleration spectra. The spectrum is
between the hysteretic energfy and the pseudo-velocity obtained as for the LS damage state (previous stibsp
spectrum [34], obtained by multiplying the pseudo- by multiplying theVe spectrum by the correspondilfg /
acceleration spectrum bly/ 21t For soil type D, in the Vg ratio.

New Zealand code, the mid period range extends f¥din

to 3 s; comparison withigure 5.a shows that such range is 6.2 VERTICAL DISTRIBUTION OF THE

narrower and begins in a longer period. The pseudo- YIELDING SHEAR FORCES OF EACH STORY
velocity spect_ral o.rdlnates_ for 0.6 and 3 s are m 133 The vertical distribution of the yielding sheardesV,; of
cm/s, respectively; assuming that ¥e/ Ve ratio is equal the i-th story is selected in this subsection followittg

to 0.825 [16][17], the corresponding velocities are 136 three approaches described in section 5 It is alhyiti

and 161 cm/s, respectively. assumed that the fundamental period of the buildiftgr
the yielding of the flexible steel platesTis = 1 s and that



the corner period corresponding to the characterist
spectrum islTg = 0.32 s [16][17], se€igure 5. Given that
ki = k}; (section 5), equation (11) converts into:

Table 2. Feasible sets of parameters of the dissipative
elements in the example building. fy = 550 MPa. y= 1.25. {

(14) =0.05

=ep b/lft (mm)

150/180/12 150/150/8
In the formulation from [22], the internal forces the Np1/Np2/Npa/Npa/Npsings  60/56/50/44/34/22  110/100/92/80/62/40

A ('095—01695—(045—035)(2)2 Msﬂws(ﬂ\l2
B | I R AW 6 "\

0y

dissipative steel elements are obtained accordinghé k (kN/mm) 9.33 4.78
. S 8, (mm) 3.54 3.68
vertical distribution of the base shear force staby the F, (kN) 33.00 176
current New Zealand seismic design code [48]= F; + T (5) 0.52 053
0.92V W h;i / Z1<ien Wi hi; hi is the height above the ground 10. VIW 0.168 0.168
andF; = 0.08V at the top level and zero elsewhere. Ao =30 Arnax 3.45(3) 367(3)
(mm) (mm)
Table 1. Vertical distribution of the yielding shear force of n 8.5 8.7
each story (Vyi / Vyl). Example buildingdisplays the LS. Vo / Ve 0.842 0.842
yielding shear force of each stol normalized with Aus =60 Ex 877 877
respect to the one of the first stafy. (mm) (kANm) a =
Table 1 shows that the three considered approaches (mmr;*)
provide similar vertical variations of the yieldirfgrce; u 13.5 13.6
therefore, a smoothed average shown in the lastabw CP. Vo / Ve 0.851 0.851
Table 1 and is considered in this application example. Acp =120 En 1337 1337
(mm) (kNm)
Table 1. Vertical distribution of the yielding shear force of Drax 48 50
each story (Vyi/ Vy1). Example building (mm)
Floor No.
Approach 1 2 3 4 5 6 For _the IO state, thg base sheqr coefficignt W is
Akiyama 1 0903 0787 0691 0545 0.362 obtained from the ple&gn apcgleratlon spectrums(emtl_)n
5 1985 . 6.1) and the maximum drift is computed by lineatist
enavent- H H
Climent 1 0915 0826 0719 0571 0.349 analy3|s_. For the IQ and LS states, the de_mandlng
2011 hyst.ere.tlc energyEy is got from the gorrespondng
Foti et al. 1 0956 0868 0737 0562 0.343 design mpqt energy spegtrum (subsectlon. 6.1) h)gLMe
Th_1998 . L vs 083 072 o056 045 Vp / Ve ratio and equation (7), the maximum interstory
15 wor : : . : : Amax is computed from equation (12) by assuming fhak
Since, as stated above the yielding of the platesild be = Omax (i.€. the steel trusses are assumed to be idfinite

prior to any other failure, the other steel membwerge to rigid compared with the flexible steel plates, $dégure

be designed as to provide higher stiffness andgtine The 1.c, and the displacement ductility is stated as réte
design is carried out iteratively as a trial-antbeprocess.  betweemmax andd,.

Table 2 shows two feasible choices &f I, t, f, and

Np1,...,Mps. FOr €ach set of valuesable 2 displays also the 7 CONCLUSIONS

stiffnessk and the yielding forc&y of an individual steel

plate and the fundamental peridelof the building prior to ~ This work proposes a new seismic protection sysfam
the yielding of the flexible steel plates. For IC§ and CP  timber platform frame regular buildings, both foew
conditions, the maximum obtained interstory dfifta is constructions and retrofit. The building is embeeth
floor where the maximum drift is generated, and lthee ~ arising from the seismic excitation. The outer Istee
shear coefficient/ / Wis also displayed. Under 10, LS and Structure includes newly designed hysteretic energy
CP conditions Amax should be smaller than the threshold dissipators; those devices are intended to absart of
values indicated in sections 5 and 6, this conditieing ~ the damaging energy induced by the earthquake, thus
the major design criterion. For LS and CP condiicthe protectlng the rest of_ the steel structure and,nmathe _
resulting displacement ductility, the correspondinyp /  timber elements. Noticeably, the proposed systeghmi

VE ratio and the demanding hysteretic enefigyare also  Nold any other type of dissipative devices. To hgjti the
shown. practical feasibility of the proposed technologyn a

application to a timber platform frame building is
The calculation of the figures ifeble 2 is described next.  considered. The building is 6-story and undergoes
After b, I, t andfy, equations (1) and (2) providg, k and extremely severe seismic hazard, given the Ilocal
Fy. Tr is determined by a classical eigenvalue analysisseismicity, the close proximity to an active fawhd the
neglecting the contribution of the timber membeard the soft soil condition; therefore, an important amouwoft
steel truss to the lateral stiffness; the stiffn€ssf each energy has to be dissipated. Under these harshticorsd
array of flexible steel plates is given by equat{@h the members of the protective steel structure asigded



in the framework of the Performance-Based Design Vancouver.
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