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Abstract

Advanced seismic design based on structural response control allows the damage
buildings experience under seismic actions to be reduced. Several solutions have
been developed and implemented around the world. Buckling Restrained Braces
(BRB) are one of them. BRBs are inertial response devices whose metallic core
yields in order to dissipate earthquake energy. They are installed in the structure
like conventional restraining braces, but as their yielding core is such a slender
element a restraining unit is required to avoid the brace buckling under com-
pression forces. In conventional BRBs this element is composed of a steel hollow
profile filled with mortar to achieve dimensional compatibility between the core
and the encasing member. The use of mortar requires the use of a debounding
material between the restraining unit and the core to minimize the friction force
between them and allow the free lateral expansion of the core when it is com-
pressed. BRBs filled with mortar have been proven to be effective dissipation
devices but they have several shortcomings: they are heavy which complicated
mounting tasks and increases the seismic inertial forces, the core can not be
inspected or substituted if necessary, after severe earthquakes, and they are ex-
pensive to manufacture. All-steel BRBs are BRBs where the core is restrained
by a restraining unit composed of steel profiles, welded or bolted, in an attempt

to solve some of the above-mentioned shortcomings of conventional BRBs.

In this work, two all-steel BRBs are developed. These non-conventional BRBs
are composed of a stabilized metallic yielding core and a slotted restraining unit
manufactured with several steel bars which are welded to form a hollow element
providing a guiding element to the core. One of them is the Modular Restrained
Brace (MBRB). The main difference between the MBRB and conventional BRBs
is found in the core as is designed to transmit the axial force by shear deformations
in modularly connected shear dissipation units. The second new BRB developed
is the Slotted Buckling Restrained Brace (SBRB). Its yielding core yields under

)



T Contents

axial strains, as conventional BRBs do, but the yielding take place in the later-
als bands situated in the outer zone of the core. Its yielding core consists of a
perforated plate with two lateral bands coupled by stabilizing bridges. The buck-
ling of the lateral bands is prevented by the restraining unit and the stabilizing
bridges. Both new BRB designs allow the core to be inspected and replaced if
damaged. For both non-conventional BRBs, analytical expressions to size it have
been developed, testing based on two codes have been carried out and simplified
numerical models to reproduce approximately their behaviour have been made.
Currently, the only way to characterize BRBs, as outlined by the codes, are
through full-scale tests. These tests involve a lot of work and they are expensive.
Thanks to today’s computational capacity the models using the Finite Element
Method (FEM) are able to simulate the entire BRB and the interactions be-
tween its elements. However, as the BRBs yielding cores are submitted to low
cycle phenomena with large plastic deformations, the available material models
in commercial FEM are not able to properly reproduce the hysteretic behaviour
of the BRBs. In this work a constitutive model for simulating all-steel buckling
restrained braces is presented. The plastic region of this model is formulated us-
ing a combination of isotropic and kinematic hardening, the portion of each being
related to the amount of plastic flow. The damage is introduced as a post-process

variable using an existing model based on continuum damage mechanisms.



Resum

El disseny avancat d’estructures basat en la resposta estructural permet reduir
el dany que experimenten els edificis sota les accions sismiques. Diverses soluci-
ons s’han desenvolupat i implementat arreu del mén. Els Bragos de Vinclament
Restringit (BVR) s6n una d’elles. Els BVR sén dispositius de resposta inercial
que sén capagos de dissipar 'energia provinent del sisme a través de la plastifi-
cacio del seu nucli metallic. S’installen a l'estructura com els bragos de travat
convencionals, pero com que el seu nucli és un element esvelt el seu vinclament
sota forces de compressié ha de ser evitat mitjancant un element de travat. En
els BVR convencionals aquest element esta format per un perfil tubular d’acer
ple de morter que permet aconseguir la compatibilitat dimensional entre el nucli
dissipador i I’element de travat. L’'us del morter obliga també a 1'is d’'un material
separador entre I’element de travat i el nucli per evitar la interaccié entre ells i
permetre I'expansié lateral del cor quan es troba sota compressié. Els BVR plens
de morter han demostrat ser uns dispositius dissipadors d’energia efectius, pero
presenten diversos inconvenients: son pesats amb un muntatge complicat i incre-
menten les forces sismiques inercials, el nucli no pot ser inspeccionat, ni substituit
si fos necessari, després de sismes severs, a més son cars de fabricar. Els BVR
metallics son BVR on el nucli esta restringit per un element de travat format per
perfils metallics, ja siguin soldats o cargolats, en un intent de solucionar alguns

dels inconvenients abans mencionats dels BVR convencionals.

En aquest treball s’han desenvolupat dos BVR totalment metallics. Aquests
BVR no convencionals estan formats per un nucli metallic estabilitzat per un
element de travat ranurat fabricat soldant perfils metallics formant una seccié
tancada. Un d’ells és el Bra¢ de Vinclament Restringit Modular (BVRM). La
principal diferencia entre aquest i els BVR convencionals és que esta disenyat
per transmetre les forces axials mitjanant deformacions tallants a través d’uni-

tats de dissipacio a tallant connectades de manera modular. El segon nou BVR
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despenvolupat és el Brag de Vinclament Restringit Ranurat (BVRR). El seu nu-
cli plastifica sota deformacions axials, com el dels BVR convencionals, pero la
plastificacié té lloc en les bandes laterals situades en la part exterior del nucli.
Aquest nucli dissipador consisteix en una platina perforada amb les dues bandes
laterals unides pels ponts estabilizadors. El vinclament d’aquestes bandes laterals
esta impedit per ’element de travat ranurat i per la resta del nucli. Els dissenys
dels dos nous BVR permeten inspeccionar i substituir els nuclis en cas d que
estiguin danyats. Pels dos BVR no convencionals, s’han desenvolupat expressi-
ons analitiques pel seu dimensionat, s’han portat a terme assaigs d’acord amb
dues normes i s’han fet models numerics simplificats que reprodueixen de manera
aproximada el seu comportament.

Avui en dia, 'inic cami per a caracteritzar els BVR, tal i com marquen les
normatives, sén els assaigs a escala real. Aquests assaigs impliquen molta feina i
son cars. Gracies a la capacitat computacional actual els models usant el Metode
dels Elements Finits (MEF) s6n capagos de simular els BVR complets, aix{ com les
interaccions entre els elements que els formen. Pero com que els nuclis dels BVR
estan sotmesos a un fenomen de fatiga per baixos cicles amb grans deformacions
plastiques, els models de material disponibles en els MEF comercials no sén capag
os de reproduir de manera adequada el comportament histeretic del BVR. En
aquest treball es presenta un model constitutiu per a la simulacié de BVR metal-
lics. La regi6 plastica d’aquest model s’ha formulat utilitzant una combinacié
d’enduriment isotropic i cinematic, la porcié de cadascun és funcié de la quantitat
de deformacio plastica. El dany és introduit com una variable de post-procés fent

servir un model existent basat en els mecanismes de dany continu.



Resumen

El disenio avanzado de estructuras basado en la respuesta estructural permite re-
ducir el dano que experimentan los edificios sometidos a las acciones sismicas.
Diversas soluciones se han desarrollado e implementado por todo el mundo. Las
Barras de Pandeo Restringido (BPR) son una de ellas. Las BPR son dispositivos
de respuesta inercial capaces de disipar la energia que proviene del seismo me-
diante la plastificacion de su nicleo metéalico. Se instalan en la estructura como
los brazos de trabado convencionales pero como su ntcleo es un elemento esbelto,
su pandeo bajo fuerzas de compresién tiene que ser evitado mediante el uso de
un elemento de trabado. En las BPR convencionales este elemento esta formado
por un perfil tubular de acero relleno de mortero para asegurar la compatibilidad
dimensional entre el nicleo y el elemento de trabado. El uso de mortero obli-
ga también al uso de un material separador entre el elemento de trabado y el
nicleo para evitar la interaccién entre ellos y permitir la expansion lateral del
ntcleo bajo compresion. Las BPR han demostrado ser unos dispositivos disipado-
res de energia efectivos, pero presentan diversos inconvenientes: son pesados con
un montaje complicado y incrementan las fuerzas sismicas inerciales, el nicleo
no puede ser inspeccionado, ni substituido si fuera necesario, después de sismos
severos, ademas son caros de fabricar. Las BPR metdlicas son BPR donde el
nicleo esta restringido por un elemento de trabado formado por perfiles metali-
cos, ya sean soldados o atornillados, en un inento de solucionar algunos de los

inconvenientes anteriormente mencionados de las BPR convencionales.

En este trabajo se han desarrollado dos BPR totalmente metélicas. Estas BPR
no convencionales estan formadas por un nicleo metélico estabilizado mediante
un elemento de trabado ranurado fabricado soldando perfiles metélicos formando
una seccién cerrada. Una de ellas es la Barra de Pandeo Restringido Modular
(BPRM). La principal diferencia entre esta y las BPR convencionales es que esta

disenada para transmitir las fuerzas axiales mediantes deformaciones cortantes
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a través de unidades de disipacion a cortante conectadas de manera modular.
La segunda nueva BPR disenada es la Barra de Pandeo Restringido Ranurada
(BPRR). Su nicleo plastifica bajo deformaciones axiales, como en las BPR con-
vencionales, pero la plastificacién ocurre en las bandas laterales situadas en la
parte exterior del ntucleo. Este nicleo disipador consiste en una pletina perforada
cona las dos bandas laterales unidas por los puentes estabilizadores. El pandeo
de estas bandas laterales esta impedido por el elemento de trabado y el resto
del ntucleo. Para las dos BPR no convencionales se han desarrollado expresiones
analiticas para su dimensionado, se han llevado a cabo ensayos de acuerdo con
dos normas y se han realizado modelos numéricos simplificados que reproducen
de manera aproximada su comportamiento.

Hoy en dia, el inico camino para caracterizar las BPR, tal y como marcan las
normativas, son los ensayos a escala real. Estos ensayos implican mucho trabajo
y son caros. Gracias a la capacidad computacional actual los modelos usando el
Método de los Elementos Finitos (MEF) son capaces de simular las BPR comple-
tas, asi como las interacciones entre los elementos que las forman. Pero como los
nicleos de las BPR estdn sometidos a un fenémeno de fatiga por bajos ciclos con
grandes deformaciones plasticas, los modelos de material disponibles en los MEF
comerciales no son capaces de reproducir de manera adecuada el comportamiento
histerético de las BPR. En este trabajo se presenta un modelo constitutivo para la
simulaciéon de BPR metalicas. La regién plastica de este modelo se ha formulado
utilizando una combinacién de endurecimiento isotrépico y cinematico, la porcion
de cada uno de ellos es funcién de la cantidad de deformacion pléastica. El dano
es introducido como una variable de post-proceso utilizando un modelo existente

basado en los mecanismos de dano continuos.
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1.1 Introduction

In the present chapter, there is firstly a general introduction about structural
response control followed by a summary of the thesis contents and finally the
main objectives of this work are introduced.

This thesis has been prepared as a compendium of papers. Chapter 2 con-
tains a transcription of the published paper ” A new modular buckling restrained
brace for seismic resistant buildings”. This paper, in journal format, is shown in
Appendix A. Chapter 3 is a transcription of a submitted paper ”A new slotted
buckling restrained brace”. Finally, Chapter 4 consists of a transcription of the
submitted paper ” A constitutive model for simulating all-steel buckling restrained
braces”.

The last chapter is composed of a discussion and the conclusions of the pre-

ceding chapters chapters along with some suggested future work.

1.2 Structural response control

Earthquakes generate and transfer a large amount of energy input into building
structures. With the traditional design method, a building withstands this by
means of the strength of its columns and beams Fig. 1.1. This design takes ad-
vantage of member ductility and structural redundancy to develop plastic hinges
and to dissipate the energy input [23]. However, in severe earthquakes, structural
elements suffer damage and although this does not cause collapse, this damage

would be difficult to repair.

Excitation | Structure | Response

Figure 1.1: Scheme of conventional structure [45]

Nowadays, design based on structural response control offers several ways to
improve the response of structures under seismic actions. Soong and Spencer [45]
classified these options into three families, namely base isolation, passive energy
dissipation and active control. Other authors [17] include base isolation in the
passive protective systems and divide the family of active control systems into

hybrid protective systems and active protective systems.
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When compared with the other solutions, base isolation is considered the more
mature technology. In addition, as the main objective of the seismic isolation
design is to uncouple the structure from the ground and avoid the effects of
earthquake ground motion, this is why some authors separate it from passive
systems. Base isolators are particularly effective for retrofitting low and stiff
buildings, such as historical masonry buildings [17]. According to Soong [44]
base isolation is made up of three main technologies: Elastomeric bearings, lead

rubber bearings (Fig. 1.2) and a sliding friction pendulum (Fig. 1.3).

Stee
Rubber Rubber

Figure 1.2: Elastomeric bearings [22]

Self lubricating
bearing materials

Stainless steel
concave surface — Articulated slider

Figure 1.3: Sliding friction pendulum [22]

Passive systems (Fig. 1.4) enhance damping, stiffness and the strength of
the structure. They are characterized by their inertial response and for this
reason they do not need an external energy supply. They increase the energy
dissipation capacity of the structural system. They mainly operate on principles
such as the yielding of the metals, phase transformation in metals, deformations
of viscoelastic solids, fluid orificing or frictional sliding. In the next section the

various solutions that exist will be described.
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Figure 1.4: Scheme of structure with passive system (PED) [45]

Active control systems (Fig. 1.5) are force delivery devices integrated with
real-time sensors, processing devices and controllers within the structure. They
provide an external force which is based on the external excitation (earthquake
or wind) and/or the structural response. However, despite their cost effective-
ness ratio and reliability, their wide-spread acceptance is limited because of their

dependency on energy supply.

Computer
Controller Sensors

A4

Sensors

A4

Control
Actuators

Y
| Structure | | Response

Figure 1.5: Scheme of structure with active system [45]

Hybrid systems (Fig. 1.6) are defined by Soong and Spencer [45] as a com-
bination of a passive and active control system. Since a portion of the control
objective is accomplished by the passive system, this results in less active control

effort, implying less power resource is required.
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Figure 1.6: Scheme of structure with hybrid system [45]

Semi-active systems (Fig. 1.7) are an attractive alternative to active and
hybrid systems because of their mechanical simplicity, low power requirements
and large force capacity. Spencer and Nagarajaiah [46] define a semi-active control
device as one which cannot inject mechanical energy into the controlled structural
system, but the device’s properties are controlled in real-time to improve the

responses of the system.

Sensors » gzﬁﬂ;ﬁ: < Sensors
A A
A 4
Control
Actuators

PED

A4

| Excitation I | Structure I Response |

Figure 1.7: Scheme of structure with semi-active system [45]

1.2.1 Passive energy dissipators

Several solutions for passive energy dissipators have been developed. Symans
et al. [47] classified energy dissipators into three categories: 1) rate-dependent
devices 2) rate-independent devices 3) others. In the rate-dependent devices the
force output depends on the rate of displacement changing. Examples of these are
the viscoelastic solid or fluid dampers. Viscous fluid dampers are based on using

a cylinder with a fluid forced to flow trough orifices. Viscoelastic solid dampers
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use elastomeric pads working under shear strain. With the rate-independent de-
vices the force response is only dependent on the magnitude of the displacement.
Typically these devices are metallic or friction dampers [44]. Fig. 1.8 shows a
schematic description of these systems and their histeretical response. Metallic
dampers use the yielding of the metal, both under flexure, axial or shear stresses
to dissipate earthquake energy. Friction dampers, dissipate energy through the
friction between two solid bodies. Other options include tuned mass and liquid

dampers and phase transformation dampers [43].

Viscous Fluid Damper Viscoelastic Solid Metallic Damper Friction Damper
Damper

Basic '

Construction nnn% %m %
Idealizen:'l —

ok é() | | EJ ;

Displacement Displacement Displacement Displacement

Figure 1.8: Schematic representation of rate-dependent and rate-independent
passive systems [47]

The metallic dampers are widely used because they offer a good histeretical
response and their properties are easier to ensure, even a long time after instal-
lation, than other options such as the friction dampers. The use of the yielding
of metals to design energy dissipators is a wide-spread solution. Several designs
have been developed and tested, although, according Symans et al. [47], Added
Damping and Stiffness (ADAS) and Buckling Restrained Braces (BRB) are the
two most commonly used types.

ADAS dampers [9, 51] is a system composed of several X-shaped steel plates
installed in parallel between the top and bottom connections (see Fig. 1.9). The
geometry of the plates (in double curvature) allow uniform strains along this
height when submitted to bending moments induced by the shear forces caused
by the relative motion between the two consecutive floors (see inter-story drift
definition in Section 1.2.2). So these devices are able to dissipate a large amount

of energy.
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Figure 1.9: Added Damping and Stiffness (ADAS) dissipator [9]

The behaviour and the properties of the BRB will be defined in detail in the

following section.

1.2.2 Key issues in conventional Buckling Restrained Braces

Horizontal acceleration from earthquakes generates horizontal inertial forces in
a structure. These forces produce a lateral displacement of the building and
relative displacements between consecutive floors called inter-story drift, Fig.
1.10. Inter-story drift is the principle culprit of the damage in structural and
non-structural elements. For this reason restricting this movement is the way to
minimize earthquake effects on the structure. So inter-story drift is one of the
main design parameters of the BRB. Other key parameters are the yielding and
maximum forces. These values have to be determined as a function of the weight

of the structure and its dynamic properties[32].
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Inter-story

drift [

Earthquake
horitzonal
force

Figure 1.10: Scheme of the installation of Buckling Restrained Braces and the
concept of inter-story drift

The BRBs are dissipative diagonals; the typical installation of a BRB is shown
in Fig. 1.10. Under this disposition the inter-story drift causes axial strains in
the BRB, these strains activate the dissipative function of the brace. BRBs
are hysteresis-damping members, which absorb the seismic energy through the
yielding of their metallic core (in red in Fig. 1.10), both under traction and
compression axial loads. Braces are designed to yield to the earthquake design,
keeping the frame in the elastic range or within acceptable damage tolerance.
After the earthquake, the damaged BRBs can be replaced if its necessary.

BRB are able to work under hysteretic cycles as the earthquake causes a back
and forth motion. Brace force and displacement requirements mean a slender
yielding core which, when it works under compression actions, is vulnerable to
second order effects such as buckling. A slender bar response under compression
would be unsymmetrical with stiffness degradation (see Fig. 1.11 discontinuous
pointed red line). Minimizing the buckling effects with a restraining unit, the
BRB is able to dissipate a large amount of energy and the response of the brace

will be mostly symmetrical (Fig. 1.11 continuous green line).
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Figure 1.11: Hysteretical response of non buckling restrained frame and buckling
restrained frame

For this reason, one of the most important design issues is how to avoid
the buckling of the yielding core. The solution consists of using an encasing
member with enough flexural stiffness to avoid global buckling and which restrains
the out-of-plane displacements of the yielding core. In conventional BRBs the
encasing member is composed of a steel tube filled with mortar in order to achieve
dimensional compatibility Fig. 1.12. To avoid the interaction (transmission of
axial forces) between the mortar and the yielding core and to allow the expansion
of the core under compression forces a layer of debounding material between the
core and the mortar is necessary.

Encasing Steel

member core Debouqdlng
material

Figure 1.12: Scheme of the transversal section of a conventional Buckling Re-
strained Brace

1.3 Non-conventional Buckling Restrained Braces

The main shortcoming of a conventional BRB is the use of mortar to achieve the

dimensional compatibility between the yielding core and the encasing member. It
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causes heavy weight elements, a complex manufacturing process mainly because
the use of a debounding material, and the core cannot be inspected after be
damaged and substituted if necessary. Several alternatives of non-conventional
BRBs have been studied and published. Chapters 2 and 3 contain short reviews
about conventional and non-conventional BRBs. These chapters also contain a
description of designing, testing and modelling of two innovative all-steel BRBs.
In both non-conventional BRBs, the restraining unit is manufactured with several
steel bars which are welded to form a hollow element providing a guiding element
to the core. The debounding material is replaced by an air gap and a greased
layer between the steel faces.

In Chapter 2 a new non-conventional Modular Buckling Restrained Brace
(MBRB) is described. The main difference between this and conventional BRBs
is that in the MBRB the dissipation of energy occurs when the steel yields un-
der shear deformations. In Chapter 3 another new all-steel buckling restraining
brace, the Slotted Buckling Restrained Brace (SBRB), is presented. As with con-
ventional BRBs, this brace dissipates energy under axial deformation. However,
the yielding does not occur along the section, but rather it takes place on the
periphery of the core, which is stabilized by the rest of the core and a steel slot-
ted encasing member. This design allows to solve the main shortcoming of the

MBRB, a heavier weight when compared with conventional BRBs.

1.4 Modelling buckling restrained braces

Nowadays experimental tests are the most reliable and the most commonly used
method to verify the seismic code requirements of BRBs installed to protect
buildings. Full scale tests are expensive and involve a lot of work. Numerical
modelling of BRBs would be a more economic option to obtain the properties of
BRBs. Today, with the finite element method (FEM) software and computational
capacity available, entire braces and the interaction between their elements (the
core and the restraining unit) can be simulated. Having said this, modelling
BRBs is challenging as the steel core of the BRB has high plastic deformations,
and is submitted to low fatigue cycle phenomena which consists in low frequency
cycles with high amplitude that involves plastic deformation. This is the typical
behaviour that BRBs have under seismic actions. For this reason, the material
models available on FEM software (such as ABAQUS [7]) to simulate the steel
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behaviour are not able to properly reproduce the BRBs’ experimental behaviour.

Chapter 4 contains the description, formulation and implementation in ABAQUS
[7] of a constitutive model for the steel core of all-steel BRBs. Plastic behaviour
is defined using a combination of isotropic and kinematic hardening, the por-
tion of each one evolving with the amount of plastic flow. Damage is modelled
using an existing model based on continuum damage mechanisms and is intro-
duced as a post-process variable. The response of this model is compared to the
experimental behaviour of the MBRB (Chapter 2).

1.5 Objectives

The main objective of this thesis is to study alternatives to conventional Buck-
ling Restraining Braces. The greatest shortcoming of these elements is the use of
mortar to achieve dimensional compatibility between the restraining unit and the
yielding core. The use of mortar supposes several drawbacks: conventional BRBs
are heavy weight elements, they have a complex manufacturing process, mainly
because of the use of a debounding material, and their core cannot be inspected,
and substituted if necessary, after sustaining damage. Also conventional BRBs
with mortar and debounding material are more difficult to simulate because they
have to deal with the mortar cracking and the interaction with the debound-
ing layer. Therefore all-steel BRBs could well be an option to overcome these

shortcomings. For this reason the objectives of this work can be summarized as:

e Study different options of all-steel BRBs.

e Propose analytical expressions to design the brace and the encasing mem-

ber.

e Test experimental specimens to validate analytical design expressions and

the proposed numerical models.

e Develop the tools to make virtual tests of the all-steel BRBs using finite

element method which provides reliable results.
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Daniel Piedrafita; Xavier Cahis; Enric Simon; Jordi Comas. A new modular
buckling restrained brace for seismic resistant buildings. Engineering Structures
2013; 56; 1967-1975

ISSN: 0141-0296
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Impact index 1,713. Journal 18 of 122, 1st quartile, Category: Engineering, Civil

The paper in journal format is shown in Appendix A

Abstact

This paper proposes a new energy dissipation device, consisting of an innovative
Buckling Restrained Brace (BRB), for earthquake resistant buildings. Its steel
yielding core is modular. It is based on the connection of several Seriated Modules
which are comprised by an equal number of Shear Basic Dissipation units. This
modular design allows adjusting the yielding force and the plastic deformation ac-
cording to the building requirements. Deformation is proportional to the number
of Seriated Modules and force to the number of Shear Basic Dissipation Units (on
the Seriated Modules). The assembly of the brace consists in sliding the greased
yielding core into the restraining unit and coupling it by pin connections. This
design provides easy inspection or replacement of the dissipation unit if required.
Fully-scaled prototypes have been tested under reversal cyclic displacements and
the hysteretic response has been proved stable and with a high cumulative ductil-
ity. Its main parameters are the yielding force, the yielding displacement and the
ultimate force; they can be predicted with simple expressions. A methodology to
design the restraining unit in front of buckling is proposed, taking account the
initial sway deformation and the functional gap between the yielding core and the
restraining unit. The hysteretic behavior has been simulated with conventional
FEM software.
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2.1 Notations

A: cross-section area

A,: shear area of the Basic Dissi-
pation Unit displacement

c: tabulated coefficient for obtain-
ing equivalent inertia

CBmaz: Mmaximum brace com-
pression force

E: elastic modulus

E}: brace normalized energy

E}: brace hysteretic energy

F'g: brace force

Fp . Euler buckling force of the
brace

Fpy: yielding brace force

Fy: friction force

Fsppy: force of Shear Basic Dis-
sipation Unit

fu: ultimate stress

fy: yielding stress

fya: design yielding stress

G shear modulus

I: inertia

Ig: equivalent inertia for a vari-
able cross-section member

K,: non dimensional coeflicient
for local buckling of Shear Basic
Dissipation Unit

MBRB: Modular Buckling Re-
strained Brace

M,,: maximum bending moment
at half length of the restraining

unit

nggpy: number of Shear Basic
Dissipation Unit

ngyr: number of Seriated Modules
SBDU: Shear Basic Dissipation
Unit

SM: Seriated Module

TB may: Mmaximum brace tension
force

v: non dimensional coefficient for
equivalent inertia on a variable
cross-section member

W: elastic section modulus

[: non dimensional coefficient for
local buckling of Shear Basic Dis-
sipation Unit

n: second order effects amplifica-
tion factor
Apcym: cumulated brace dis-
placement
ABmez:  maximum brace dis-
placement

Ap,: Ultimate brace deformation
Ap,: yielding brace displacement
Agppup: Shear Basic Dissipation
Unit buckling displacement
Agppu,y: Shear Basic Dissipation
Unit yielding

€y: yielding deformation

€,: ultimate deformation

Ymp: local buckling angular defor-

mation

Wem:  normalized cumulative
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plastic deformation 1: non dimensional coefficient for
psppu: Shear Basic Dissipation ultimate Shear Basic Dissipation
Unit ductility Unit force adjustment
ISBDU,cum: cumulated Shear Ba- &: non dimensional coefficient for
sic Dissipation Unit ductility ultimate brace displacement

2.2 Introduction: Buckling Restrained Braces

Buckling Restrained Braces (BRBs) are elastoplastic energy dissipators used to
control lateral deformation of buildings and to limit the damage under seismic
loads. BRBs dissipate most of the seismic energy input via a slender restrained
buckling bar yielding when submitted to reversal axial loading. A conventional
BRB has an internal metallic yielding core, an outer restraining tube to prevent
the flexural buckling of the yielding core, and end connections to install the brace
in the building (Fig. 2.1).

Steel tube filled with mortar

Unbonding material @ End connection

{

Yielding core Restraining unit

Buckling Restrained Brace

Figure 2.1: Schematic description of the conventional BRB

The dissipation core can be designed with different cross section shapes, with
the most typical are rectangular, circular and cruciform [11, 24, 36, 49, 52]. The
cross section of the core has to be uniform along the yielding zone to provide,
under axial force, a uniform strain field. Its transverse area is sized to yield to
seismic forces and its length has to be long enough to provide an adequate energy
dissipation capacity. The result is a slender core that has to be restrained to
avoid flexural buckling. The restraining unit is usually a steel tube manufactured
from a standard profile. To remove the large clearance between the core and the
restraining tube the use of mortar as filling material has became the preferred so-
lution [25, 39, 48, 50]. Nevertheless, an operating clearance between the mortar
and the yielding core is required to allow for the transverse deformation pro-

duced by the Poisson’s ratio and also to avoid the transmission of the axial force
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from the core to the restraining unit. This has usually been solved by adhering
a layer of debonding material to the core surface. However, the use of mortar
has several drawbacks. For example, the filling process makes the manufacturing
more complex. In addition, the braces become heavier and this increases not only
transport and installation costs, but also the seismic inertial forces. Furthermore,
if the yielding core is damaged after an earthquake, the whole brace has to be
replaced. Chou and Chen [21] purpose a hybrid solution in the form of a sand-
wiched restraining unit with mortar which avoids the use of debonding material
and the core can be replaced. To avoid the use of mortar, several different encas-
ing member solutions have been proposed [10, 20, 26, 56]. Some of these solutions
suggest a restraining element composed of bolted or welded profiles [10, 20, 56,
while others solutions are based on the dimensional compatibility between the
core and the restraining tube [26], but it is difficult to find any standard profiles
which satisfy.

Sizing the restraining unit is more complex, because it depends on the flexural
behaviour of a concrete-filled tube and the mortar cracking. Because of that, most
researchers propose simplified expressions to design the restraining unit where
mortar collaboration is basically neglected. For the restraining unit Watanabe
et al. [50] propose a Euler load 1.5 times the yielding load of the core. Xie [52]
describes several methods which take into account geometrical imperfections to
define the bending moment to be resisted by the restraining unit. Palazzo et al.
[39] improve the formulation proposed by Black et al. [11] that also considers
the influence of the gap between the core and the restraining unit, the maximum
compression force to design the restraining unit is obtained from the first global
buckling mode. Chou and Chen [21] purpose a method to design an encasing
member composed of two sandwiched parts joined with bolts. They remark that
the higher buckling modes have to be considered when designing the internal
bolted connections of the restraining unit because these modes produce high

shear forces.

This paper proposes a new Buckling Restrained Brace (BRB). Its yielding
core is machined from one flat rectangular steel bar and is composed of several
yielding dissipation units linked by elastic components in a modular set-up. Sev-
eral simple analytic expressions for design proposes are given and contrasted with

experimentally obtained data and the results from a more sophisticated numerical
FEM model.
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2.3 The Modular Buckling Restrained Brace.

The concept and design parameters

Over the last three decades several small devices have been designed to dissipate
earthquake energy input into buildings via plastic deformation [29, 37]. These de-
vices take advantage of the interstory drift to deform and, as they are small when
compared to the story height, they have to be assembled to a laterally resistant
stiff structural element, such as a reinforced concrete wall or a steel k-brace. To
adapt the yielding force to building requirements, a different number of devices
have to be assembled in parallel or machined from the same plate. Contrary the
yielding displacement cannot be easily modified because it depends on the de-
sign of the device and its small dimensions. Buckling Restrained Braces (BRB)
are larger elastoplastic energy dissipators that have solved these shortcomings,
as they can directly connect different floors, and both the force and yielding de-
formation can easily be adjusted to the building by modifying the cross section
area and length of the yielding core, respectively. On the other hand the BRBs
are based on a slender yielding core submitted to axial forces and which has to
be fully restrained by a metal tube usually filled with mortar. The use of mortar
makes the brace heavy and complex, as well as impeding visual inspection or the

replacement of the yielding core.

The Modular Bucking Restrained Brace (MBRB) was conceived from the idea
of mixing the buckling self-stability of the small steel energy dissipation devices
with the advantages of conventional BRBs. Like all conventional BRBs, the
MBRB is composed of a slender yielding core that has to be restrained by an ex-
ternal tube to avoid flexural buckling, but its core is modular and it yields mainly
by shear. The core (Fig. 2.2a) consists of several Shear Basic Dissipation Units
(SBDUs) grouped into several Seriated Modules (SMs). The main requirement
of the SBDU is to be small enough and flat enough to be compatible with the
flat format of the yielding core. A shear energy dissipator [19] has been chosen
but other elements, such as the honeycomb [29] or the slit damper [37], could be
appropriate for the modular core of the brace. The Modular BRB (MBRB) is
assembled with two yielding cores, one restraining unit and two pinned internal
connections (Fig. 2.3). So the restraining tube could be further improved it has
been not designed to be efficient but to be functional to test the behavior of the

yielding core. It has been manufactured by welding four rectangular steel bars
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together to form a tube. Two of these four bars have a milled slot and are placed
facing each other to guide and stabilize the yielding cores. The brace assembly
consists of pushing the greased cores into the slot of the restraining unit and
fixing them in place with the internal pins. These internal pins allow the axial
force from one core to the other to be transmitted by the restraining unit.

The geometry of an SM is shown in Fig. 2.2 b). The SM is provided with
several paired SBDUs that have been designed to yield by shear almost uniformly
along the web of the SBDU [18, 19] (Fig. 2.4). Fig. 2.15 indicates the Von
Misses stress distribution and deformation of the yielding core obtained from FEM
modeling. The figure shows how the plastic deformations are mostly uniform
along the web of the SBDUs and how the lateral and central bands, as defined in
Fig. 2.2 b), behave elastically. Fig. 2.4 shows the deformation and forces of an
SBDU. Fig. 2.15 illustrates the deformation of the yielding core. It shows how
the force of the brace (Fg) will depend on the force of the SBDU (Fsppy) and the
number of SBDUs (ngppy) in an SM, and how the ultimate plastic deformation
of the brace (Ap,) depends on the deformation of an SBDU and the number of
Seriated Modules (ngys). Both of these design characteristics have been reflected

in the following formulation.

Lateral Band

Central Band
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Figure 2.2: a) Modular Buckling Restrained Brace (MBRB) core geometry b)
Seriated Module (SM) detail
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Figure 2.3: Scheme of a Modular Bucking Restrained Brace (MBRB)
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Figure 2.4: Working scheme of a Shear Basic Dissipation Unit (SBDU), internal
forces distribution and shear deformation

Force of the brace (Fp) is defined as:

Fg =nsppuFsppu + FY (2.1)

as the yielding core is greased the friction force Fy can be neglected. The ultimate

theoretical deformation of the brace can be determined as follows:

Apu = EnsmitsBpuAsBpU,y (2.2)

where ¢ is a non-dimensional constant which takes into account the non-
uniform plastic deformation of SBDUs caused by the non-uniformity of the web
thickness because of imperfections in the milling process, ngys is the number of
Seriated Modules, Agppy,, is the yielding deformation of the SBDU and psppy is
the ductility of the SBDU defined as the ratio between the maximum displacement
and the yielding displacement.



2.4. Design parameters of the Shear Basic Dissipation Unit 21

When compared with conventional BRBs it has benefits and shortcomings.
On one hand, the core has to be heavier to dissipate the same amount of energy
because the linking elements behave elastically. Also, this yielding core is more
complex geometrically and its manufacture is more time consuming, although it
can be done by CNC machines. On the other hand, the core does not need to be
restrained by mortar or concrete and covered with a debonding layer, so it can

be easily assembled, inspected or changed if needed.

2.4 Design parameters of the Shear Basic Dis-

sipation Unit

The hysteretic behaviour of the Modular Buckling Restrained Brace (MBRB)
depends on the properties of the Shear Basic Dissipation Units (SBDUs). The
main parameters of an SBDU are the deformations and forces at yielding and
ultimate points. Based on the formulation defined by Benavent-Climent [10], the

yielding force can be estimated by the following expression:

A,
Fsppuy = \/gy

(2.3)

where A, = dt,, is the shear area of the SBDU.
Ultimate force (Fsppuy.,) have been experimentally correlated (Section 2.6.3)

with the ductility of SBDU (usppy) and the expression is defined as:

Fsppuw = Fsppuy (1 + Yusepu) (2.4)

The yielding displacement can be obtained from the uniform shear strain

assumption and the Navier-Bernoulli hypothesis:
h3 h
+3
12ET £ AG
where h is the length of the SBDU’s web (Fig. 2.2 b)), E is the elastic Young

modulus, [ is the moment of inertia in the SBDU cross section and G is the shear

Asppuy = ( ) Fsppu,y (2.5)

modulus.
From Eq. (2.2) and Eq. (2.5) the ultimate displacement of the brace can
be determined when a proper value of ductility (usppy) is used. Nevertheless,

local buckling of the SBDU’s web would significantly reduce the energy dissipation
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capacity of the SBDU and it has to be avoided. Kasai [27] proposed an expression
to determine the local buckling angular deformation (7,,;) for an I-beam cross-
section submitted to plastic shear deformation and cyclic loads:
1

Vb = 8.7[(3@ (2.6)
where = % and a = b% (Fig. 2.2). Constant K depends on the parameter «
and the clamping conditions of the plate [13]. Previous tests and modeling have
demonstrated that the rotation of all the SBDU’s web borders is nearly nil [18].
Under these conditions, K, = 8.98«a + % for « < 1 and K, = 5.6a + 8'7?8 for
a > 1. 7, is defined as the difference between actual angular deformation v and

the minimum value previously reached, as shown in Fig. 2.5 [27].

L Tw

Figure 2.5: 7, definition, Cahis [18]

Considering that the shear strain is uniformly distributed over the entire web
of the SBDU [18], the angular deformation 7 (Fig. 2.4) can be estimated as v ~
Agppu/h. When negative and positive maximum deformations are nearly the
same (as can be assumed in seismic conditions) the local buckling displacement
of the SBDU becomes:

Asppup & 0, 5ymph (2.7)

2.5 Restraining tube design

In designing the encasing member, the functional gap between the cores and

the encasing member (dpg) and the initial deflection of the restraining unit at
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the mid-length (ey) (Fig. 2.6), have been considered. For the sake of simplicity
and security, the restraining of rotation by the pin connection in the z-axis has
been neglected, so the following formulation is valid for both flexural planes of
the restraining unit. Only the first mode is considered because the influence of

higher modes can be neglected [39].

Figure 2.6: Effects of the geometrical imperfections on the end connections

The initial eccentricity epe produced because of the functional gap dpg can

be obtained as:

d
era = 4% La (2.8)
L62

The combined effect of the initial imperfection and the functional gap results
in the total eccentricity:
er = ey + erg (29)

The maximum bending moment at the half length of the restraining unit (Fig.

2.6) can be expressed as:

Mm = nFB,ueT (210)

where 7 is the amplification factor [3] that takes into account second order effects:

1= (2.11)
where a,, = l;i <= and Fp, is the Euler buckling force for a bar with a variable

cross section:
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Figure 2.7: Idealized variable cross-section bar [4]

7T2EIB

FB,cr - 12
B

(2.12)
I is the equivalent moment of inertia of the MBRB, that can be obtained when

considering the brace as a member of the variable cross-section bar with a constant

axial load Fig. 2.7. CTE [4] propose a method using equivalent inertia:

Ip = clmas (2.13)

¢ is obtained using tabular data defined by values of a (Fig. 2.7) and v:

I .
v= (2.14)

Imax

The I,,,;, is the moment of inertia of the yielding core cross section, the I,,,, is
the moment of inertia of the restraining unit and aL is the length of the restraining
unit. These assumptions can be justified from Fig. 2.6, which shows that the
contribution of the core to the brace bending stiffness is limited to the outside of
the restraining unit, because the internal part of the core, which has been milled,

is too flexible to be considered.

The resistance of the restraining unit can be checked by combining the flexural
moments in both axes with the axial force. When considering elastic behavior
the check is (class 3 section [3]):

Mmy Mmz FBu
9 + 9 + 9
Wel,yfyd Wel,zfyd Afyd

<1 (2.15)

where W, is the elastic section modulus, A is the cross-section area of the re-

straining unit and f,4 the design yield strength (fyq = %) .
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2.6 Experimental behavior

2.6.1 Test set-up and push protocols

The tests were performed in the structural laboratory of the AMADE research
group of the University of Girona (Spain). Fig. 2.8 shows the test set-up, based
on a brace-column subassembly proposed by the AISC341-05[2]. The Modular
Buckling Restrained Brace (MBRB) specimens were fixed to the structural slab
and to a column by two pinned connections (Fig. 2.8). A 300 kN servo-controlled
hydraulic actuator fixed to the reaction frame was used to load the subassem-
bly. Three specimens were tested under different test protocols, until failure was
reached (Fig.2.9). The maximum MBRB deformation for the AISC341-05[2] and
EN15129[5] protocols was calculated considering a 3 m high story and one percent
of the interstory drift as a seismic design displacement. Only one of the cores
was designed to yield, because two yielding cores would not provide additional
relevant information. Because of this, the maximum displacement used for both
the AISC341-05[[2] and the EN15129[2] protocols was reduced to half of that
corresponding to a full Modular Buckling Restrained Brace (a MBRB with two
yielding cores). The deformation of the whole brace was obtained by the sum of
the deformation of the brace displacement transducers Bl and B2. (Fig. 2.8).
Transducer B1 measures the relative displacement between the external upper
pinned connection and the lower end of the restraining unit, while transducer
B2 measures the displacement between the bottom end of the restraining unit
and the bottom external pinned connection. Thus, transducer B2 measured the
deformation of the yielding core. The deformations of the Seriated Modules were
obtained from transducers SM1, SM2 and SM3 (Fig. 2.10).



Chapter 2. A new modular buckling restrained brace for seismic resistant
26 buildings

Displacement transducer B1

\
Dispacement
transducer B2

Figure 2.8: Scheme of test set-up
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Figure 2.9: Push protocols: a)AISC341-05[2] protocol b)EN15129[5] protocol
¢)Cyclic deformation with increasing amplitude
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Figure 2.10: Core transducers localization
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2.6.2 Tested specimens

Steel S275JR [1] was used to manufacture both the yielding cores and the re-
straining tube. The mechanical properties of the steel of the yielding cores were
determined by a tension test [19]: f,=279 MPa; €,=0.14 %; f,=434 MPa; ¢,=21
%. The main dimensions of the tested specimens were Lp=3533 mm; L,4=1150
mm; Le=1120 mm and Lzr=343 mm (Fig. 2.3). As for the geometry of the cores,
the main parameters were d=55 mm, h==87.5 mm, b,,=39 mm, by=28 mm and
t;=8 mm (Fig. 2.2 b)). It was anticipated that small differences in the thick-
ness of the webs of the Shear Basic Dissipation Units (t,,) could cause significant
differences of deformation in the SMs, so this parameter was carefully measured
with a Computer Numerical Control Coordinate Measuring Machine. Table 2.1

shows the averaged thicknesses for each SBDU web.

Average thickness
[mm] SP1 SP2 SP3
SM1 286 2.50 2.67
SM2 2.64 2.53 2.78
SM3 296 2.55 2.80

Table 2.1: Average thickness of Shear Basic Dissipation Units (SBDUs) ()

2.6.3 Experimental results

Fig. 2.11 shows the total deformation of the cores versus the force of the brace
until failure. The SBDUs did not suffer local buckling. A stable and symmetric

hysteretic response was obtained from all specimens tested.

Specimen 1 Specimen 2 Specimen 3
_ 250

Force (kN)

Force (kN)
B

-200 -250
Deformation (mm) Deformation (mm) Deformation(mm)

Figure 2.11: Force versus total deformation of each specimen core
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Fig. 2.12 shows the response of each Seriated Module (SM). We can observe
how all the modules have a stable response and significant yielding deformation,
and can confirm that the SM with the lowest average thickness (Table 2.1), has
the larger deformation and the maximum cumulative deformation, causing brace
failure. This effect was more evident in specimen 1 (Fig. 2.12 a)), where SM
2 had the lowest web thickness of the SBDU and concentrated most of the de-
formation. The plastic deformation of the Modular Buckling Restrained Brace

(MBRB) became more uniform when the thickness of the SBDUs was also more

uniform.
SM 1 SM 2 — SM 3
3 g 3
5-10 10 3- 105-10
g = 3
-200 . 0
Deformation (mm) Deformation (mm)
SM 1 200 SM 2 SM 3 200 b)
Z 4 )
3 8 P
510 10 5- 10§-10 5 10
-200
Deformation (mm)
SM 1 250 - SM 2 250 ) SM 3 250 _©)
1‘"?"‘\' ‘H“ 00 =
~ | = i -
é [ [‘)\“‘\‘i‘\“u‘\\h\\‘”u g [ é
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Deformation (mm) Deformation (mm) Deformation (mm)

Figure 2.12: Experimental response of each Seriated Module (SM) a) Specimen
1 b) Specimen 2 ¢) Specimen 3

Table 2.2 summarizes the experimental results for all specimens. T 4, and
CB,mas are the maximum tension and compression forces, respectively. Apg s
is the maximum deformation, Apg ., is the cumulated plastic deformation of
the brace. pusppy is the ratio (%’;ﬁ’::) where Agppu,, is the maximum exper-
imental displacement of the SBDU (obtained by considering as non-significant

the elastic deformation of the Seriated Module (SM) at maximum displacement)
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and Agppu,y is the value obtained using Eq. (2.5). psppu,cum is the relationship

(ASBDU,cum
AsSBDU,y

). E, is the hysteretic energy of the brace.

Sp 1 Sp 2 Sp 3

Fg, (kN) 90 88 88
Apg, (mm) 1.15 1.25 1.41
TB.maz (kN) 192.9 156.8  226.5
CBmaz (kN) 178.8  149.82 203.0
FB.maz) Fry 2.15 1.78 257
TB.maz/CBmaz  1.09 1.18 1.12
ABmaz (mm)  18.87 13.06  37.72
AB cum (mm)  1282.86 2795.32 1130

1sBDU 45.2 297 824
[LSBDU cum 4876 5654 2436
E, (kJ) 281 287 203

Table 2.2: Summary of experimental results

The linear regression obtained representing ultimate brace deformation versus
ultimate SBDU deformation provides, according to Eq. (2.2), an experimental
value of £ = 0.9.

Ultimate force (Fsppu..) has been linearly correlated with ductility (Fig. 2.13)
and to make the correlation average yielding force has been added to the ex-
perimental ultimate forces. According to Eq. (2.4), an experimental value of
1 = 0.0133 has been obtained.

From low-cycle fatigue a linear relationship between the ductility and the
cumulative ductility can be appreciated from Fig 2.14. As Eq. (2.2) shows,
the ductility of the SBDU is a fundamental design parameter in obtaining the

70000
60000
~ 50000
é X
2 40000 1
2 © Fsepuyy
w - -
= 30000 %Sp 1
20000 Fu = 363.86 u +28430 #Sp2 1
10000 - R2=0.9653 oSp3
0 T T T T
0 20 40 60 80 100
Mspou

Figure 2.13: Linear correlation between the ultimate force (Fsppy,,) and Shear
Basic Dissipation Unit ductility (usppu)
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Figure 2.14: Cumulated Shear Basic Dissipation Unit Ductility (1sgpu.cum) Vs
Shear Basic Dissipation Unit Ductility (usppu)

minimum number of SMs which satisfy the maximum deformation. From the
push protocols AISC341-05[2] and EN15129[5] experimental ductilities of 30 and

45 have been obtained, respectively.

The hysteretic responses of specimen 1 and a conventional BRB [36] tested
under similar push protocols have been compared (table 2.3). The comparison

includes the hysteretic energy and the cumulative deformation, which have been

+ —_
normalized respectively as E; = FB,yEAB,y and (., = > (WAZ'T*;A” —4), and the

ratio between the maximum tension and compression forces. Unlike conventional

BRBs, the MBRB has a less than 1 ratio between the maximum compression
force and the tension force. This demonstrates that the friction force between
the restraining unit and the core (Eq. (2.1)) is very low and can be neglected.
Although normalized values of the total dissipated energy and cumulative duc-
tility are comparable, to obtain absolute similar values the core of the MBRB
should be heavier because it contains parts with a linking function which behave

elastically.

Ef i, 7
MBRB 2685 1914 0.92
BRB1[36] 1597 1143 1.17

BRB 2 [36] 1480 1083 1.28

Table 2.3: Comparison of normalized hysteretic energy (E;), normalized cumu-
lative plastic deformation (u,,,) and maximum tension and compression forces
between a MBRB and a conventional BRB (Newell et al. [36])



2.7.  Numerical prediction 31

2.7 Numerical prediction

The behavior of the yielding core of the Modular Buckling Restrained Brace
(MBRB) has been simulated using the available commercial Finite Element(FE)
software ABAQUS/Standard, version 6.9 [6].

Geometry has been modelled using S4R and S3 shell elements, because the
thickness of MBRB is much lower than its other dimensions. The material consti-
tutive model of steel has been defined using a multilineal function with combined
kinematic and isotropic hardening, as defined in ABAQUS/Standard [6] (Table
2.4).

Stress (MPa) 0 279 290 402 434
Strain 0 0.0014 0.0167 0.0790 0.1699

Table 2.4: Material properties of the numerical model

According to the values given in Table 2.1, the model includes the average
thickness of the web of each SBDU in specimen 1,

The pin connection has been modelled by coupling all the nodes of the hole
to a virtual node created in the center of the hole. All the degrees of freedom of
the hole nodes are coupled with the node in the center and in this node only the
rotation around the edge hole has been allowed. The out-of-plane displacement
of all the nodes on the neutral axis has been restrained to simulate the effect of
the restraining unit. The model has been loaded under displacement control and
a displacement (u) has been applied (Fig. 2.15).

Fig. 2.15 also shows the Von Misses stress on the core at maximum displace-
ment. The stress on the SBDUs is uniform. As the Seriated Module 2 has the

lowest average web thickness (table 2.1) its shear deformation is the highest.
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S, Mises Virtual node with coupling SM 1

Figure 2.15: Stress distribution at maximum displacement of the FEM model,
specimen 1

Fig. 2.16 compares the numerical response with the experimental response
of specimen 1. The response of the numerical model is stable and symmetric
and elastic and post-elastic stiffness are the same in the tension mode as in the
compression mode. We can observe how the numerical model is able to reproduce
the general experimental behavior of the prototype. Its yielding force and its
yielding displacement agree with those obtained experimentally and with the
simplified models (table 2.5)

---- Experimental—Numercial 200 -

20

Force (kN)
.
(=}

-200 -
Deformation (mm)

Figure 2.16: Experimental vs. numerical response

Exp. An. Num.
Fsppu, (kN) 225 234 247
Asppuy (mm) 025 020 0.22

Table 2.5: Comparison between experimental, analytical and numerical results,
specimen 1
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2.8 Summary and conclusions

An innovative Modular Buckling Restrained Brace (MBRB) has been designed
and tested. The yielding cores are prevented from buckling by a restraining tube
provided with two slots where the yielding cores slide in. Unlike conventional
BRBs, the new MBRB does not need to be filled with concrete, therefore, the
proposed MBRB is simpler to assemble and the yielding units can easily be in-
spected and substituted if they are damaged. However, as the plastic deformation
is not uniformly extended, and contrary to conventional BRB, the MBRB has to
be heavier than a conventional BRB to obtain the same energy dissipation capaci-
ties. The yielding cores are modular and consist of several Shear Basic Dissipation
Units (SBDUs) grouped into several Seriated Modules (SMs). The axial force of
the MBRB is proportional to the number of SBDUs at each SM and to SBDU
force. The deformation of the MBRB is proportional to the number of SMs and
to the deformation of the SBDUs.

Three specimens have been tested under different test protocols until failure
was reached. The hysteretic curve of the tested specimens is stable and symmet-
rical. The plastic deformation of BRBs becomes more uniform over the entire
brace when the thickness of the SBDUs is also more uniform. It has been ex-
perimentally confirmed that the maximum deformation and the failure of the
brace always appear in the SM which has the SBDUs with the lowest average
web thickness.

Several expressions have been proposed to predict the force and the deforma-
tion at the yielding and ultimate points. These expressions have been adjusted
and validated using the experimental results. The ultimate parameters refer to
the ductility of the SBDUs, and with values of between 30 and 50, have satis-
fied the requirements of the standard American and European testing protocols
considered for BRBs, AISC341-05[2] and EN15129[5], respectively.

The hysteretic response of the MBRB has been compared with the response
of a conventional BRB. Unlike conventional BRBs, the MBRB has a less than 1
ratio between the maximum compression force and the tension force, which shows
that the friction force between the core and the restraining unit of the MBRB is
non-significant. Although normalized values of the total dissipated energy and
cumulative ductility are comparable, the core of the MBRB should be heavier to
obtain absolute similar values because it contains parts with a linking function

which behave elastically.
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A methodology and several expressions for the sizing of the restraining tube
have been also proposed. Bending, second order effects produced by the initial
deflection of the restraining unit and the functional gap between the slots of the
restraining unit and the yielding cores have been taken into account.

Finally, the hysteretic behavior of the MBRB has been numerically simulated
with the commercial finite element program ABAQUS[6] and a good correlation

has been found between the numerical and the experimental data.
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Abstact

The Slotted Buckling Restrained Brace (SBRB) is a new energy dissipation de-
vice for the seismic design of buildings. It consists of two steel plates, which work
as yielding elements and which are guided and partially stabilized by a slotted
restraining unit. The plates and the restraining unit are connected by two in-
ternal pins to transmit the axial force from both brace endings. The plates are
mechanized to obtain two yielding lateral bands which are connected by several
equidistant stabilizing bridges. The lateral bands are designed to yield to ax-
ial forces, as conventional BRBs do, so the force and the displacement at the
yielding point can be calculated by the usual expressions of conventional buck-
ling restrained braces, based on uniform strain distribution. To distribute the
stabilizing bridges along the core, an expression based on Euler’s formulation is
proposed. Under this formulation two types of specimens have been designed and
tested (Type I and Type II) using three different loading protocols. The Type
I specimens exhibited a stable response, while the Type II specimens suffered a
progressive loss of compression capacity produced by the local buckling. Finally,
the hysteretic behaviour of the tested braces has been analysed with an FEM
model which considers the interaction between the core and the encasing mem-
ber. The model reproduces the hysteretic response during the first cycles and the

influence of friction on the axial strain distribution along the yielding core.
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3.1 Introduction

Passive energy dissipation devices are a widely accepted solution used to improve
the response of the structures under seismic conditions [45]. One of the most
widespread energy dissipation devices is the Buckling Restrained Brace (BRB).
BRBs can be installed like a conventional concentric brace to control the lateral
interstory drift. They basically consist of a slender bar, which acts as the axial-
resistant component designed to yield and to dissipate energy, and an encasing
member to keep the bar stable under compression forces [50].

In order to achieve a uniform strain field under tension and compression, the
cross-section core of conventional BRBs is uniform. The most commonly used
cross sections are either rectangular, circular or cruciform [11, 24, 36, 49, 52].
The restraining member is usually based on a tubular profile filled with mortar
[12, 49] (Fig.3.1). In this case a debonding material has to be applied to the
core to enable its free lateral expansion under compression, and to keep the
transmission of the axial force from the core to the restraining unit low [48]. It
is a very effective solution which gives a stable hysteric behaviour however, it
increases the weight of the brace and makes a visual inspection of the core or
its replacement in case of damage impossible. The use of precast concrete in
steel profiles [21, 25], enables easy inspection and replacement. All-steel BRBs
[20, 24, 40] avoid both the use of mortar and the debonding layer and ensure
inspection and replacement by providing dimension compatibility with the use of
a restraining unit composed of several parts which are either bolted or welded.
Piedrafita et al. [41] propose a non-conventional BRB which yields by shear, and
consists in a slender bar restrained by a slotted restraining unit. Its core is very
easy to assemble and to inspect, but it is heavy and its mechanization is more

complex and expensive than that the required in conventional BRBs.

End Connection  Stee] Tube Mortar Unbonding
# \Materlal Yielding
Core

Figure 3.1: Scheme of conventional buckling restrained brace parts

A new buckling restrained brace is purposed in this paper. It yields under

axial forces as a conventional BRB does, but the usual massive core has been
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substituted by a partially emptied plate shaped by water jet cutting. The core is
a one-piece element composed of two lateral bands, of a nearly uniform section
and designed to yield, connected by stabilizing bridges, which have to remain
elastic. This design enables the lateral bands to be located in two slots of a
restraining unit. These two slots and the stabilizing bridges enable the lateral
band yield to be restrained and stable. Design expressions have been proposed
and experimental tests have been carried out. Finally, a numerical model has
been made to study the interaction between the core and the encasing member

and the effects of friction in the strain distribution on the lateral bands.

3.2 Slotted buckling restrained brace

The yielding core of BRBs usually consists of a solid slender bar. To avoid
buckling under compression forces, the entire surface of the core has to be close
to the internal surface of the restraining unit. This has been solved in various
ways, such as filling the clearance between the core and a standard steel tube
with mortar (Fig.3.2 a) and b)), or assembling standard bars around the core
(Fig.3.2 ¢)). The new Slotted Bucking Restrained Brace (SBRB) has a partially
emptied flat core to locate the entire yielding cross section in the periphery of
the brace; away from the brace axis (Fig.3.2 d)). It is made of two steel plates
(the yielding cores), which are guided and partially stabilized by the internal
slots of a steel restraining unit (Fig.3.3). To transmit the axial forces from both
external brace connections, the cores and the restraining unit are connected by
internal pins. The core, which consists of a partially emptied plate shaped so that
the two lateral bands are connected by equidistant transverse stabilizing bridges
(Fig.3.4), is machined with a water jet cutter to avoid causing any changes to the
mechanical properties of the material. The lateral bands are designed to yield to
axial forces, as with conventional BRBs, while the stabilizing bridges are designed
to remain elastic. The stabilizing bridges, along with the slots in the restraining
unit, keep the lateral bands stable under compression. The restraining member
has been manufactured by welding four rectangular steel bars together to form a
tube. Two of these four bars have a milled slot and are placed facing each other
to guide and stabilize the yielding cores. The brace assembly consists of pushing
the greased cores into the slot of the restraining unit and fixing them in place

with the internal pins.
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Figure 3.2: a) and b)sections of conventional BRB, c) all-steel BRB and slotted
buckling restrained brace d)
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Figure 3.3: Brace assembly

Figure 3.4: Slotted buckling restrained brace core, lateral bands in red, stabilizing
bridges in blue.

The lateral band design is based on uniform stress assumption. The yielding

force (F,) and the ultimate force (F,) of the core can be obtained by using Eq.
(3.1) and Eq. (3.2), respectively:

F, = 2f,tb (3.1)



40 Chapter 3. A new slotted buckling restrained brace

where ¢ and b are the thickness and width of the lateral band, respectively (Fig.
3.5); f, and f, are the yielding and ultimate material strengths, respectively, and
[ is a hardening experimental factor which takes into account the compression
peak caused by the interaction between the core and the restraining unit [2, 48].
The yielding deformation ¢., can be obtained from Hook’s law when taking into

account the Young’s Modulus of the steel E:
o FyLLB

by = (3.3)

where Ly g is the length of the lateral band (Fig. 3.4). This expression has been
validated using the numerical model (Section 3.5) and the experimental results
(Section 3.4).

La
[ [
t
DG OC 4
A A-A

Figure 3.5: Key dimensions of the core

As the ultimate deformation is mostly plastic and it happens in the cores, the
ultimate displacement of the brace (d,,) can be estimated as the addition of the
ultimate deformations of the yielding cores. The ultimate deformation of the core
(0c) can be obtained by Eq. (3.4).

5c,u = ,uc(sc,y (34)

where p. is the ductility of the yielding core. The yielding cores should be designed
to a maximum ductility of 8 to deal with the design inter-story drift; as is obtained

from the experimental results.

To define length L, the premise was that on-plane local buckling does not

m2El
kL,

yielding zones is considered nil (k = 0.5); as experimental results confirm. From

appear. Euler formulation ( ) is used, where the rotation at the ends of the

these considerations:



3.3. Test set-up and push protocols 41

7T2Ettb3
Lo = 4| 3.5
3Fmaz ( )

where [ is the moment of inertia of the lateral band (I = %) and E; is the

tangential plastic modulus at maximum force on the traction test; as is proposed
by Black et al. [12].
The SBRB and the Modular Buckling Restrained Brace (MBRB) [41] are very

similar. In fact, the SBRB adopts the concept of the slotted encasing unit from

the MBRB. The main difference between them is in the yielding core. Therefore,
the same formulation as [41] is proposed to design the encasing member of the
SBRB.

3.3 Test set-up and push protocols

The tests were carried out in the Structural Laboratory of the AMADE research
group at the University of Girona. Fig. 3.6 shows the set-up; based on brace-
column subassembly defined in the AISC341-05 [2].

Standard
profile

Encasing

Figure 3.6: Test set-up, restraining unit parts and external displacement trans-
ducer positions

The brace was installed using pin connections. The maximum MBRB defor-
mation for the AISC341-05 [2] and EN15129 [5] protocols was calculated for a
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3 m high story with one percent inter-story drift as the seismic design displace-
ment. Subassembly was loaded with a 300 kN servo-controlled hydraulic jack.
While SBRB is designed to have two cores, one at either end, testing with one
core provides the same relevant information if the design displacement is reduced
to half. This set-up has the advantage of making the testing more cost-effective.
With these factors in mind, braces with a single dissipation core were built and
tested. Half of the brace was as Fig.3.3 shows, and the other half consisted of a
standard rectangular hollow tube with an external pin connection. The hollow

tube and the slotted restraining unit were welded together by a connection plate.

An internal transducer measured the core deformation (Fig.3.7). Two external
transducers (DT1 and DT2, Fig.3.6) were used to measure the deformation of
the brace. While DT1 measured the core and the internal pin deformations, DT2

measured the elastic deformation of the rest of the brace.

Internal
Transducer

CE™= — O)

Connections

Figure 3.7: Internal transducer position

The yielding cores were manufactured using S275JR [1] steel. The mechanical
properties were obtained according to tension tests defined in [3]: f,,=267 MPa;
€,=0.13 %; fur=455 MPa; €,=26 %. The cores were machined by using water jet
cutting to avoid any changes in the mechanical properties because of heat. Two
types of specimens were designed and manufactured (Fig.3.8). In Type I, the
L, dimension was defined by using Eq.(3.5), therefore local instability was not
expected. Type II were designed beyond the length provided by Eq.(3.5). Hence

early core failure, caused by local instability, was expected.

Six specimens, three of each type, were tested to failure. These specimens have
been named according to their geometry (two variants, Type I and Type II) and
testing protocol. The specimens 1.1 and II.1 were tested under the AISC341-05
[2] protocol, specimens 1.2 and I1.2 were tested under EN15129 [5] and specimens
[.3 and I1.3 were tested using a cyclic deformation with increasing amplitude

protocol. The push protocols are shown in Fig.3.9.
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3.4 Experimental results

Fig. 3.9 shows the experimental response of the specimens. Specimens II.1 and

I1.3 suffer a progressive loss of compression capacity. Fig. 3.10 shows the defor-

mation of these two specimens after failure. The high deflection confirms local

buckling. On the other hand, specimens 1.1 and 1.3 show a lower deflection and

fail by tension; as the hysteric response and visual inspection indicates. They also

dissipate a higher amount of energy; as illustrated by Table 3.1. These results

confirm that Eq. 3.5 is suitable for designing a stable core under compression.
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Figure 3.10: Failure mechanism of the specimens. Ex: External zone, In: Internal
zone

Although local buckling appeared in two of the tested specimens, all of them
satisfied the test protocols until failure. Specimens I.1 and II.1 satisfied the
AISC push protocol [2] and the minimum required cumulative ductility of 200,
with values of 1804 and 369, respectively (Table 3.1). Specimens 1.2 and II.2

passed the European push protocol [5] several times, 6 and 5 respectively.
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Fig.3.11 shows the plastic cumulative ductility versus the ductility of the yield-
ing core. Based on MBRB results [41] a correlation between both parameters was
expected, but this was not to be the case. Experimental results show that failure
is mostly related to maximum deformation and ductility. Ductility values from
14 to 18 are obtained when all the specimens are considered. The ductility range
narrows to 16-18 for the specimens that satisfy the design equation (Eq.3.5). For

design purposes a maximum ductility of 8 [2] should be considered.

5000- A2
2 4000+
2 3000- m2 ol
(5]
= 20001

10004 1 L3, «+

0 O
0 12 14 16 18 20
He

I3

Figure 3.11: Cumulated ductility (e cum) vs ductility(u.)

Table 3.1 summarizes the experimental results of the specimens. ¢., and 6,
are the yielding displacements of the core and the brace, respectively. T),., and
Cinaa are the maximum tension and compression forces, respectively. 0.4, is the

maximum deformation of the core, ., is the cumulated plastic deformation, p.. is

the ductility of the core (2242). i, cyn, is the cumulative ductility of the core (2um),
cy cy
and 0p cym is the cumulative ductility of the brace (55%). FE; is the hysteretic
Y
energy. The cumulative displacement de,n, is obtained as Y 2(d;; + 0,,;) — 4dc,,

[36].
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1 12 L3 111 112 1.3
F, (kN) 117 109 108 106 116 111
m) 096 1.02 098 100 120 1.05
m) 155 1.90 1.40 148 149 1.30
) 168 164 177 169 168 174

Chaw (KN) =197 209 -236  -190 -200 -191
Fre/F, 168 192 257 179 172 1.73
117 127 133 112 119 1.10

Semaz (mm) 15.69 17.93 17.61 1511 17.02 18.17
Seum (mm) 2797 4378 1040 546 2657 812
e 16.01 18.30 17.97 14.00 15.76 16.82

e cum 2914 4831 1040 546 2657 812

[tb,cum 1804 2304 743 369 1783 625

E, (kJ) 312 407 127 62 339 98

Table 3.1: Summary of the experimental results of the specimens

The experimental behaviour of specimen 1.3 has been compared with two
conventional BRBs tested by Newell et al. [36] under the same protocol in terms

of normalized hysteretic energy (E} = , cumulative ductility and 8. Similar

Ey )
Fybp
values were found (Table 3.2).

E: Hb,cum 6
SSBRB I.1 1720 1804 1.17
BRB 1[36] 1597 1143 1.17
BRB 2 [36] 1480 1083 1.28

Table 3.2: Comparison between an SBRB and conventional BRBs [36]. Nor-
malized hysteretic energy (Ej), cumulative deformation (fip,cum) and coefficient

B

3.5 Numerical analysis

The main objectives of the numerical model is to study the behaviour of the
brace during the first cycles and examine the interaction between the core and
the restraining unit. Commercial finite element software ABAQUS /Explicit 6.12
[7] is used.

The model consists of the core, the slotted part of the restraining unit and

the exterior pin connection (Fig. 3.12). All parts are modelled using C3D8R
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elements. The same push protocols used on the specimens are also used to load

the numerical models.

External Pin

Figure 3.12: Numerical model parts and mesh

The material is defined using the ABAQUS kinematic and isotropic combined
model. Data used to create the model is obtained by tension tests according to
[3] and it is shown in Table 3.3.

Stress [MPa] 267 397 476 548 555
Strain [mm| 0 0.03 0.08 0.17 0.21

Table 3.3: Material data used on numerical model

Contour conditions on the slotted part are applied by clamping its exterior
nodes. To simulate the interior pin connection, a virtual node in the center of the
hole is created. The nodes of the hole are then coupled to this node and rotate on
its axis (Fig. 3.13). The exterior connection is modelled using a pin and with this
the interaction between this element and the core can be considered. Simulation
is done with displacement control. Displacement J,. is applied to the pin of the

external connection.

Ex Virtual node with coupling In

dc

Figure 3.13: Contour conditions of the core
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The general contact rule is used to model the contacts between the elements.
Friction is added using an exponential law, which provides smooth transition
between the static and dynamic friction coefficients, their values being 0.2 and
0.1, respectively.

The model is able to reproduce the first cycles of the test (Fig. 3.14). It
is particularly effective in determining the displacement and the yielding force
(Fig. 3.15). Table 3.4 shows a comparison between the numerical, analytical and
experimental results of the core at yielding point. The numerical model’s chief
shortcoming is that it is not able to accurately reproduce the hardening under a

large number of cycles.

Figure 3.14: Comparison between the hysteretic behaviour of the numerical model

and specimen 1.3 during the first cycles

150 1 F (kN)
100 |

I3 Exp vs Num

15 05 1.0 1.5
Disp. (mm)
—Num. - Exp.

Figure 3.15: Numerical vs experimental behaviour at the yielding point of speci-

men 1.3

Fig. 3.16 shows Von Misses stress distribution of specimen 1.3 with the brace

in tension. Here the stabilizing zones remain on the elastic range, while the lateral

!Experimental mean value
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Fy, (N) A, (mm)

Eq. (3.1) (3.3) 107 0.86
Exp.! 111 0.98
Num. 110 0.87

Table 3.4: Comparison between the analytical, experimental and numerical values
at the yielding point

bands exceed the yielding stress.

Figure 3.16: Core stress distribution of specimen 1.3 at peak tension force on the
third test cycle

The evolution of the strain distribution along the lateral bands at peak tension
displacements in successive cycles is shown in Fig. 3.17. As can be seen in the first
cycles, the strain is near uniformly distributed. After several cycles the external
zone has smaller strains than the internal one. A model without friction did
not show this effect, so the non-uniform distribution of the strains is caused by
the friction between the core and the restraining unit. Non-uniformity on strain
distribution justifies the experimental failure of specimens, with larger second
order effects and buckling in the external zone of the lateral band and tensile
failure in the internal zone. It can be stated that friction has to be considered

for a proper modelling of the hysteretic behaviour.
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Figure 3.17: Evolution of the axial strains from the FEM analysis of specimen
L.3

Fig. 3.18 compares the deformation of Type I and Type II specimens after
several cycles. Type II exhibits a higher deflection in the external zone than

Type 1. Deformations in the numerical model are coherent with those obtained
experimentally (Fig. 3.10).

Ex In a)

b)

o CIEDED o

Figure 3.18: Deformation under tension force of numerical model of specimens

[.3 and II.3 after several cycles

In Fig. 3.19, both the in-plane deformation and out-of-plane deformation of
specimen [.3 are shown. Out-of-plane deformation causes the interaction between
the core and the encasing member and the friction forces, whereas the in-plane

deformation is responsible for the loss of compression capacity in specimens I1.1
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and I1.3. The evolution of maximum in-plane displacement (J;p) versus the axial
deformation of the core (.) is detailed in Fig.3.20. The in-plane displacement
increases when a large axial deformation of the core is achieved, although this

effect is less important in specimen Type I than in Type II.

a)

Figure 3.19: Out-plane and in-plane (d;p) displacement of the numerical model

of specimen 1.3 after several cycles

—I1—-II.1 ] Sip
-30) (mm)

Figure 3.20: In-plane displacement vs the core deformation for FEM models of

the specimens 1.1 and II.1

3.6 Summary and conclusions

The new Slotted Buckling Restrained Braces (SBRB) which have as yielding cores
two steel plates guided and partially stabilized by internal slots in the restraining
unit, were designed and tested both numerically and experimentally. The cores
and the restraining casing are connected by internal pins to transmit the axial
forces from both of the external brace connections. Instead of having a solid

slender bar as a yielding core, as conventional BRBs have, the SBRB’s core is
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a partially emptied plate which is shaped to allow the two lateral bands to be
connected by equidistant transverse stabilizing bridges. The lateral bands are
designed to yield to axial forces, as conventional BRBs do, while the stabilizing
bridges are designed to remain elastic and, along with the slots in the restraining

unit, hold the lateral bands stable under compression.

The force and displacement at the yielding point can be obtained from the
assumption of uniform axial stress in the lateral bands. To distribute stabilizing
zones along the lateral band an expression based on Euler’s formulation is pro-
posed. Based on the proposed formulation, two types of specimens (Type I and
Type II) have been designed and tested. Those with a greater distance between
the stabilizing bridges (Type II) are more susceptible to local buckling and thus
a lower ductility. The ductility range obtained from all tested specimens ranges
from 14 to 18, and narrows to 16 to 18 when the stabilizing bridges are properly
distributed.

Six specimens with protocols defined by AISC341-05 [2], EN15129 [5] and a
loading protocol consisting of cyclic deformation with increasing amplitude were
all tested to failure. All of the Type I specimens exhibited a stable response, while
two of the Type II specimens showed a progressive loss of the compression capacity
produced by local buckling and they dissipated less energy. The response of the
SBRB has been compared to two conventional BRBs, in terms of the normalized

hysteretic energy and cumulative ductility, and similar values have been found.

Finally, a numerical model to study the interaction between the core and the
encasing member has been defined. The model is able to accurately reproduce the
hysteretic response during the first cycles, and its deformation is coherent with the
experimentally obtained results. It shows that during the first cycles the strain
is uniformly distributed along the lateral bands. However, after several cycles
friction forces propel a non-uniform distribution of the strain that is coherent
with the experimental failure of specimens, with buckling in the exterior zone
of the lateral bands when stabilizing bridges are too distant, and with tensile
failure in the interior zone in the opposite case. However, as the material model
is not well developed for a high number of cycles, it is unable to reproduce the

experimental hardening of steel.
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This chapter contains the transcription of the submitted paper:

Daniel Piedrafita; Pere Maimi, Xavier Cahis. A constitutive model for simulating
all-steel buckling restrained braces Submitted to Engineering Structures.

Impact index 1,713. Journal 18 of 122, 1st quartile, Category: Engineering, Civil

Abstact

Buckling Restrained Braces (BRB) have been demonstrated as being very effec-
tive for building protection in seismic events. The modelling of all-steel BRBs
is presented here in this work. The hysteretic behaviour is simulated using a
combined isotropic and kinematic hardening, with the particularity that the re-
lationship between them evolves as long with the amount of plastic low. The
damage is introduced using an uncoupled analysis, the evolution of this is formu-
lated using an existing model based on a continuum damage mechanism model.
To adjust and verify the model, results from tensile steel and all-steel BRB tests
are used. Both the load-deformation response and failure prediction of the pro-

posed models have been well correlated with the experimental results.
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4.1 Introduction

Buckling restrained braces (BRB) are a solution used to improve buildings the
response in seismic actions [45]. Like conventional restraining braces these de-
vices are installed inside the structure. However, they not only limit the lateral
displacement of the structure, but they also dissipate the energy coming from
the seismic action. In conventional BRBs a slender steel core yields to dissipate
energy, and this core has to be restrained to avoid buckling under the compres-
sion forces. Fig. 4.1. Conventional BRB are composed of a steel core encased by
a restraining unit manufactured with a standard a standard mortar-filled profile

[52].

a) b)

Figure 4.1: Comparison between the behaviour of the restraining brace without
a) and with b) the encasing member

The way to prove its effectiveness is with experimental tests, but they are ex-
pensive and involve a great deal of work. To have accurate modelling tools using
data from simple tests, as with the tensile test, would result in a drastic reduction
in testing costs. Developing such tools is a challenging objective for researchers
and brace designers. To model the behaviour of a BRB means not only to predict
the force-deformation hysteretic response, but also its dissipation capacity before
failure. And this must be done taking into account large plastic deformations
on the steel, second order effects, and also considering mortar cracking and the
steel-rubber-concrete interaction between the core and the encasing member of
the brace in conventional mortar-filled BRBs, consequently conventional BRBs
difficult to simulate. Several models have been developed to specifically simulate

conventional BRB behaviour. One example is the numerical model presented by
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Loépez-Almansa et al. [33], which includes metal plasticity, either using isotropic
or kinematic hardening, with isotropic damage, governed by a scalar damage in-
dex, for the steel core and the same isotropic damage model for the mortar of the
encasing member. A further option for reproducing the behaviour of the conven-
tional BRBs would be the macroscopic model, proposed by Zona and Dall’Asta

[57] based on a rheological scheme.

All steel BRBs are easier to simulate than conventional BRBs as the interac-
tion between the encasing member and the core do not involve mortar cracking
and the traditional rubber or silicone layer is substituted by an air gap. Several
models of metals behaviour under large strain cyclic plasticity have been devel-
oped. Yoshida [53] describes a viscoplastic constitutive model to simulate the
behaviour of steel under large plastic deformations. Following on from this, the
author improves the model by defining a two surface model [54] and verifies it us-
ing steel sheets under cyclic deformations [55]. Kim et al. [28] also propose a two
surface model, but this is specifically developed for reproducing the behaviour
of metallic plate dampers and includes a damage parameter (dependent on the
dissipated energy) which they suggest it can be used as an index for the damaged
state of material. Martinez et al. [35] propose a plastic damage model based on
the combination of isotropic and kinematic hardening and also introduce a dam-
age variable which is able to predict the material failure. Bonora [15] defines a
model with isotropic hardening and based on Continuum Damage Mechanisms
(CDM) to reproduce ductile failure. Bonora and Newaz [14] add kinematic hard-
ening to the model and extend this to low cycle fatigue, proposing that damage
only increases under tension deformations. They also study the effects on the
response of coupled damage. Bonora et al. [16] validate the model (only with
isotropic hardening) for using it in structures under a multi-axial state of stress.
Finally, Pirondi et al. [42] ran several tests and simulations to compare this model
(with combined isotropic-kinematic hardening) with the other CDM model [30].

The models available for ductile materials on the commercial finite element
software ABAQUS [7] are easy to use, but they are not able to properly simulate
the behaviour of the BRB. The isotropic model Fig. 4.2 a) is not able to approx-
imate the real behaviour so as not reproduce the Bauschinger effect [34]. The
kinematic model implemented in this software is linear, so its ability to repro-
duce real behaviour is limited. The combined isotropic and kinematic hardening

model Fig. 4.2 b) is not defined to reproduce material behaviour after several
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cycles of long plastic deformation [7]. Despite this, the combined model is useful

for simulating monotonic loads [21] or during the first cycles [41] of a cyclic test.

7 Force (kN)

i 7 " —
A f» 8 -8
formatjon (mm)

Figure 4.2: a)ABAQUS [7] isotropic hardening model and b)ABAQUS [7] com-
bined hardening model applied to MBRB [41]

This paper proposes a material model able to approach the behaviour of an all-
steel BRB. The formulation, the implementation and an example of usage based
on the all-steel BRB developed by Piedrafita et al. [41] is presented. This model
is defined using an implicit integration algorithm with a combined kinematic and
isotropic hardening, the portion of each is related to the amount of plastic flow.
The damage is introduced into the model using an uncoupled analysis in the
form of a failure criteria based on the continuum damage mechanisms model as
defined by Bonora and Newaz [14]. The calibration of the hardening parameters
is done using the results form material tensile tests, while the evolution of the
relationship between the kinematic and isotropic hardening is adjusted empiri-
cally. The damage model is adjusted using available bibliography data [42]. The
material model is verified using experimental data from the tensile steel test in
order to study the response under monotonic load, and from the all-steel buckling

restrained brace tests [41] so as to obtain the hysteretic response.

4.2 Constitutive model

4.2.1 Plasticity

The additive decomposition of the strain tensor ¢;; is:

Eij = 55 + 55 (4.1)
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where 55 and 55 are the plastic and elastic strain tensors, respectively.
Within Von Misses concept, a yield criterion of mixed hardening is considered

[38]:

3
f(sij, ij, K) = \/;Hsij_aijn —o,—K(r)<0 (4.2)

where oy, is the yielding stress, r an internal hardening variable, s;; is the stress
deviator, a;; is the kinematic hardening tensor and K(r) is the function that
defines the evolution of the isotropic hardening. Fig. 4.3 shows the evolution of

the yielding surface in the stress space.

AO

Initial yielding surface
(m plane)

Figure 4.3: Evolution of the yielding surface

The evolution of the internal variables can be described using the scalar r by
the flow rule, Eq. 4.3.

eP — p % T % (4.3)

where a;;; = 655 and f is a function which defines the kinematic hardening.

4.2.2 Damage

The damage is introduced into the model using the formulation defined by Bonora
and Newaz [14] and an uncoupled analysis as proposed by the same authors. This
formulation is based on the continuum damage mechanisms model. Hence, the
damage variable takes into account the effects of the irreversible processes in the

micro-structure of the material (evolution and creation of the voids), as well as in
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the damage on the macro scale (macro crack). The authors define the behaviour

of the damage variable (D) as:

D=a

3 Oeq r

o (1/a") oy 2 o)) T
e (Ej?th) <3(1+V>+3(1_2y) (—) )(DCT—DY L (44)

where D/, is defined as 1 [14] and Dy is the initial damage, &4, is the strain at
which damage starts, e, is the failure strain from the tensile test, v is the poison
coefficient, o' is a material parameter which defines the shape of the damage
curve, oy and o, are the hydrostatic stress and the Von Mises stress, respectively.
Critical damage (D,,) is the value of D where the evolution of the voids in the
micro-structure drives the appearance of the macro crack and consequently the
failure of the material. Lemaitre and Desmorat [31] propose to obtain this by

using the tensile test data as:

D,=1-28 (4.5)

Oy
where or and o, are the rupture and the maximum stress obtained in tensile

tests, respectively.

4.3 Implementation

4.3.1 Algorithm

Algorithm entries are the current step deformation €,,; and the set of the in-
E

n?’

ternal variables () from previous step: &) f «,, and r,. The outputs of the
algorithm will be the updated values of the internal variables, stress tensor and
the constitutive tangent tensor. The algorithm works following the subsequent

steps:

1. Compute elastic trial state

2. IF fu41 <0 THEN
Elastic step: (®),41 = (o), & EXIT

3. IF f,+1 > 0 THEN
Plastic step: GO TO Step 4
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4. Return mapping algorithm
WHILE ABS(f,+1) < TOLER DO
Increment of plastic parameter:

Ar = i
3(2G+B)

Update the internal variables

Tyl = Ty + Ar
AeP = ZU"%0_Ap
i llsij—cul

(51 = (e )nir + A

(D1 = (B — A

(Qij)ns1 = (Qij)nyr + BAE]
fn+1

where ”TOLER” is the loop break value (107%) and G is the shear modulus.

4.3.2 Tangent operator

The tangent operator is defined as the relationship between the increment of
stresses ¢ in the face of the increment of the strains € (Eq. 4.6). This operator
provides a good convergence, which is necessary when the model is implemented
in a finite element method code.

dz’j = Cgklékl (4'6>

1

From the flow rule (Eq. 4.3) and the yielding function (Eq. 4.2), the tangent

operator is obtained:

2
9G Sij — Qyj Skl — O

3G+ 3B+ 39K |[sij — ayjl st — aml

4.4 Model adjustment

The model response is determined by the definition of the functions K (r) and
B(r) which define the isotropic and the kinematic hardening laws, respectively.

This response can be expressed using the following equations:

c=K+B+o, (4.8)
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K
m =
K+ B

where o represents the hardening law, and m is the relationship between the

(4.9)

isotropic and the kinematic hardening. So if m = 1 the model is purely isotropic
hardening, and if m = 0 it is purely kinematic hardening and B is a hardening
function defined as B = 1/3/2 [ B(r)dr.

Considering that the hardening law is expressed by:

oc=o0,+& (1—e ") +&pr (4.10)
and the relation between the isotropic and the kinematic hardening is defined
according:

m=mpg+ (mg —mpg)e "" (4.11)
then f is:

p= \/g (@ =) (m=mp)mp + (1= m) (Erlpe™* + &) (412)

where m; and xi; are material constant values.
Under uniaxial loading, the internal hardening variable (r) is related with the

plastic deformation f according to:

P Z 4.13
En =T 3 ( )

The response of the model is adjusted using the results from a S275JR [1] steel
tensile test. To simulate the tensile test, a rectangular part meshed with C3D8
solid elements is used. Fitting the hardening law & (Eq. 4.10) is obtained using
the MATLAB fitting tool [8]. Parameters of function m (Eq. 4.11) are adjusted
empirically using all-steel MBRB experimental data [41]. Table 4.1 shows the
constant values of the material. The failure criteria is adjusted according to the
values provided by Pirondi et al. [42] for a similar material, and these values are
shown in Table 4.2.
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E v o, o, &r §E §&r  mg mp mp
205000 0.3 279 420 192.3 24.59 454.3 0.3 0.07 0.6

Table 4.1: Constant values of the material

o D Dy e Eth D, (Eq.4.5)
0.22 1 0 1.5 0.0213 0.21

Table 4.2: Constant values of damage model [42]

Fig. 4.4 shows the response of the modelled material compared with the
experimental data under the tensile test. The evolution of the damage variable

D in the element located in the center of the necking is also represented.

500 r 0.3

450 §

400 P 025

330 F 0.2
=300

S 250 § Rupture ¢ 15
:200 5 point !

150 ---- Experimental — 0.1

—Numerical .
100 D 0.05
50
o+——r— -+ r—rrrrrrrrrr F 0
0.25 0.3 0.35

Figure 4.4: Response of the modelled material vs. an experimental result from
the tensile test. The evolution of damage variable (D) in the central element of
the necking is in grey

How the numerical model is able the reproduce the overall behaviour of the
test can be observed. The damage value provided by the model at the failure
displacement (D = 0.24) of the experimental specimen is close to D, provided
by Eq.4.5. As bibliographical data is used to calibrate it, then specific tests can

improve the result.

4.5 Modelling of an all-steel BRB

The model proposed earlier on, is applied in order to predict the load-deformation

hysteretic curve and the damage of an all-steel BRB, which had been previously
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tested by Piedrafita et al. [41], and numerical and experimental results are then
compared. The concept, design and experimental behaviour of this brace is re-
ported in [41]. Fig. 4.5 a) shows the core of the brace, which is the dissipative
part. This is guided by the external restraining unit and it is composed of several
seriated connected units (SM). They are identified as SM1, SM2 and SM3. Fig.
4.5 b) shows one of the seriated connected units and indicates the geometry and
parameters of the unit. The values of the main parameters of the core are d =55
mm, h =87.5 mm, b, =39 mm, by =28 mm, t; =8 mm, t,5p1 =2.64 mm, t,sps
=2.50 mm and t,sp3 =2.67 mm. The differences in the values of ¢, between
the specimens are caused by manufacturing imperfections [41]. The core of the

material is the same as was used in the tensile tests (Tables 4.1 and 4.2).

Lateral Band

Central Band

N\
N

ﬂﬁk\\\

&\\‘

tw, SBDU Detail

%}—Ef
SBDU Detail oLt

Figure 4.5: (a) Modular Buckling Restrained Brace core geometry (b) Seriated
Module (SM) detail [41]

The specimens were submitted to three push protocols as depicted Fig. 4.6:
AISC341-05 [2] (Specimen 1), EN15129 [5] (Specimen 2) and a cyclic deforma-
tion with increasing amplitude (Specimen 3). Position traducers measured the

displacement of each SM.
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Figure 4.6: (a) AISC341-05 [2] protocol (b) EN15129 [5] (c) cyclic deformation
with increasing amplitude [41]

The numerical model includes the SM which failed in each experimental test
and the geometry is modelled using C3D8 solid elements (see Fig. 4.7). As is
shown in the figure, the boundary conditions are applied at the two ends of the
SM. On one side the nodes are clamped to simulate the connection with the
next SM and on the other only horizontal movement is allowed so as to apply the
same displacement obtained from the data of the position transducers used in the
experimental specimens [41]. The model includes the geometrical imperfections
from the machining process in the form of different thickness of each SBDU. The
material data is the same as shown in Table 4.1. The experimental response is

compared with the response of the numerical model for each specimen (Fig. 4.8).
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Figure 4.7: Mesh and boundary conditions of the numerical model
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Figure 4.8: Comparison between experimental and numerical behaviour of the
three specimens
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The numerical model is able to simulate the global behaviour of the BRB
core in all three cases. To validate the damage model, the numerical model of
each specimen has been submitted to the same protocol displacement that drove
the failure of the experimental specimens. Fig. 4.9 a) is a photo of the failure
of the shear dissipation zone of the seriated connected unit for one of the tested
specimens, Fig. 4.9 b) shows the amount of plastic flow (r) distribution and Fig.
4.9 c¢) shows the damage variable (D) values of the numerical model at maximum
traction displacement. How the zone with maximum values of D in the numerical
model agree with the experimental specimen failure mode can be observed. Fig.
4.10 contains a graphic with the evolution of the damage variable (D) versus the
core deformation (u) during the virtual test of each specimen in the element that
reaches the maximum value of D. In all of the cases the damage variable provides

a value near to that defined by D., when the failure point of the applied protocol

in experimental specimens is reached.
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Figure 4.9: a) Photo after failure of tested specimen b) Amount of plastic flow ()
and c¢) Damage variable (D) distribution at maximum displacement on traction
of numerical model of specimen 3
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Figure 4.10: Damage variable (D) evolution compared with core deformation (u)

4.6 Summary and conclusions

In this paper a material model to simulate the hysteretic behaviour of an all-steel
BRB submitted to low cycle fatigue is proposed. This model has two steps; in
the first one the hysteretic behaviour is modelled using a hardening rule based on
a combination of isotropic and kinematic hardening, with the particularity that
the relationship between these evolves along with the amount of plastic low. The
hardening law is adjusted using the traction test data and the evolution of the
portion of the two types of hardening is adjusted using the experimental data
from the all-steel BRB tests. In the second step the damage is incorporated
as a post-process variable. The evolution of this variable is modelled using a
continuum damage model formulated by Bonora and Newaz [14] and adjusted

using available bibliographical data.

The material model is implemented in the commercial finite element software
ABAQUS [7] to be later used in implicit analysis. It is adjusted and verified
using a steel tensile test and all steel BRB tests [41]. The model is able to re-
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produce the response of the material under a tensile test. As to the hysteretic
behaviour of the all-steel BRB, the model reproduces the overall response. In
the case of the damage model, while it provides an approximation of the fail-
ure point reached during the experimental tests in both cases, even when using
available bibliographical data. Specific material characterization tests for model
damage parameters identification could improve the results of the failure point

identification.
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The use of Buckling Restrained Braces (BRBs) is a wide-spread solution used
to improve the response of buildings under seismic actions. These devices dissi-
pate the earthquake energy input by means of the yielding of their metallic cores.
Conventional BRBs use mortar to achieve dimensional compatibility between the
restraining unit, which avoids the buckling of the yielding core under compression
forces, and the yielding core. The use of mortar results in heavy weight elements,
a complex manufacturing process and, after being damaged the core cannot be

inspected and substituted if necessary.

In this present work, initially two innovative non-conventional BRBs are de-
signed, tested and modelled. Their main characteristics are that they are all-steel
BRBs, their restraining units are manufactured with several steel bars which are
welded to form a hollow element providing a guiding element to the core thus
avoiding the use of mortar. The debounding material is replaced by an air gap
and a greased layer between the steel faces. The main conclusions of each brace

are exposed next:

In Chapter 2, a Modular Buckling Restrained Brace (MBRB) is designed and
tested. The yielding cores are modular and consist of several Shear Basic Dissi-
pation Units (SBDUs) grouped into several Seriated Modules (SMs). The axial
force of the MBRB is proportional to the number of SBDUs at each SM and
to SBDU force. The deformation of the MBRB is proportional to the number
of SMs and to the deformation of the SBDUs. Several expressions have been
proposed to predict the force and the deformation at the yielding and ultimate
points. These expressions have been adjusted and validated using the experimen-
tal results. Three specimens have been tested under different test protocols until
their failure is reached. The hysteretic curve of the tested specimens is stable and
symmetrical. However, as the plastic deformation is not uniformly extended, and
contrary to conventional BRB, the MBRB has to be heavier than a conventional

BRB to obtain the same energy dissipation capacities.

To solve the main shortcoming of the MBRB; the heavier weight when it
is compared with the conventional BRBs, in Chapter 3 a Slotted Buckling Re-
strained Brace (SBRB) is designed and tested both numerically and experimen-
tally. The SBRBs core is a partially emptied plate which is shaped to allow the
two lateral bands to be connected by equidistant transverse stabilizing bridges.
The lateral bands are designed to yield to axial forces, as conventional BRBs

do, while the stabilizing bridges are designed to remain elastic and, along with
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the slots in the restraining unit, hold the lateral bands stable under compression.
Expressions to size the SBRB core are proposed and verified testing two families
of cores. Tests have done under different loading protocols until failure is reached
to characterize their behaviour experimentally. A numerical model to study the
interaction between the core and the encasing member has been defined. The
model is able to accurately reproduce the hysteretic response during the first
cycles, and its deformation is coherent with the experimentally obtained results.

Finally, a constitutive model for simulating the behaviour of the all-steel buck-
ling restrained braces developed in chapter 2 is formulated and implemented in a
commercial finite element method software and verified using experimental data.
The plastic region is simulated with a combination of isotropic and kinematic
hardening, the portion of each one evolving with the amount of plastic flow.
Damage is introduced as an uncoupled analysis using a continuum damage mech-
anism model. The material model is adjusted and verified using the experimental
data from the material tensile and all-steel BRB tests. It is able to reproduce the
overall behaviour of experimental specimens in both cases and provides a good
approximation to the failure point reached during the experimental tests.

As a result of the research work represented here, the following future work

is suggested:

e Improving the SBRB design to avoid the initial flexure in the outer lateral

bands.

e Testing and improving the design of the restraining units to achieve lighter

devices.

e Implementing the material model for numerical explicit analysis to be able

to simulate the interaction between the elements of the BRBs.

e Use the material model to simulate other all-steel BRBs and study the

goodness of fit of the experimental adjustments.

e Carry out specific material test characterization to improve the prediction

of the failure point of the material model.

e Simulate entire BRBs, including the restraining unit and the connections,

to validate the use of numerical models as virtual tests.
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Abstract

This paper proposes an innovative BRB as a new energy dissipation device for earthquake resistant
buildings. Its steel yielding core is modular, and this very design enables the yielding force and plastic
deformation to be adjusted according to building requirements. Based on connecting several
Seriated Modules, which are comprised of any constant number of Shear Basic Dissipation Units,
deformation is proportional to the number of Seriated Modules and force to the number of Shear
Basic Dissipation Units (on the Seriated Modules). Assembling the brace consists of sliding the
greased yielding core into the restraining unit and coupling it with pins, thus providing easy
inspection or replacement of the dissipation unit if required. Fully-scaled prototypes have been
tested under reversal cyclic displacements and the hysteretic response has been proved stable and
with a high cumulative ductility. The main parameters are the yielding force and the yielding
displacement; which can be predicted with simple expressions. A methodology to design a
restraining unit able to tackle of buckling by taking into account the initial sway deformation and the
functional gap between the yielding core and the restraining unit is proposed. The hysteretic
behavior has been simulated with conventional FEM software.
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B.1 Preface

The aim of this appendix is to provide a user’s guide and the input file for the User
Material implemented in ABAQUS [7] for simulating all-steel BRBs as detailed in
Chapter 4. This subroutine has been written by Daniel Piedrafita and Dr. Pere
Maimi (University of Girona). First, the main parameters of the input file and
the subroutine output meanings are presented and appendix is concluded with
the code.

B.1.1 ABAQUS input file

Material properties required for the model are defined in Table B.1 and they

consist of three elastic parameters.

E  Young Modulus
v Possion coeflicient

oy Yielding stress

Table B.1: Material parameters

The properties of the material and the internal variables have to be introduced

into the jobfile.inp as is shown Table B.2.
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xMaterial,name = BRDB,teel

xDepvar

20,

xUser Material, constants = 3

E v, o,

xDepvar

20

1, EE11,”11 Component of elastic strain”

2, EE22,722 Component of elastic strain”

3, EE33,733 Component of elastic strain”

4, EE12,712 Component of elastic strain”

5, EE13,713 Component of elastic strain”

6, EE23,723 Component of elastic strain”

7, EP11,711 Component of plastic strain”

8, EP22,722 Component of plastic strain”

9, EP33,733 Component of plastic strain”

10, EP12,”12 Component of plastic strain”

11, EP13,”13 Component of plastic strain”

12, EP23,723 Component of plastic strain”

13, APLHA11,”11 Component of kinematic hardening”
14, ALPHA22,”22 Component of kinematic hardening”
15, ALPHA33,”33 Component of kinematic hardening”
16, ALPHA12,”12 Component of kinematic hardening”
17, ALPHA13,”13 Component of kinematic hardening”
18, ALPHA23,”23 Component of kinematic hardening”
19, r, 7 Amount of plastic flow”

20, D, "Damage scalar”

Table B.2: ABAQUS input material parameters and internal variables
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B.1.2 State variables

The subroutine has 20 state variables. They are stored as depicted Table B.3.

EE11 STATEV(1) &5
EE22 STATEV(2) &L
EE33 STATEV(3) &L
EE12 STATEV(4) &£
EE13 STATEV(5) ¢
EE23 STATEV(6) &L
EP11 STATEV(7) &b
EP22 STATEV(8) &%,
EP33 STATEV(9) &k,
EP12 STATEV(10) &L,
EP13  STATEV(11) &b,
EP23  STATEV(12) &Z,
APLHA11 STATEV(13) ay
APLHA22 STATEV(14) as
APLHA33 STATEV(15) ass
APLHA12 STATEV(16) ay,
APLHA13 STATEV(17) a3
APLHA23 STATEV(18) ass

r STATEV(19) r

D STATEV(20) D

Table B.3: Internal variable meanings

B.2 Code

SUBROUTINE UMAT (STRESS,STATEV,DDSDDE, SSE,SPD,SCD,
RPL ,DDSDDT, DRPLDE, DRPLDT,
STRAN ,DSTRAN,TIME,DTIME, TEMP,DTEMP , PREDEF ,DPRED , CMNAME,
NDI,NSHR,NTENS ,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
CELENT ,DFGRDO ,DFGRD1, NOEL ,NPT ,LAYER ,KSPT ,KSTEP ,KINC)

Sw NN e



B.2. Code 89

INCLUDE >ABA_PARAM.INC’

CHARACTER*80 CMNAME

DIMENSION STRESS (NTENS),STATEV (NSTATV),

1 DDSDDE (NTENS ,NTENS) ,DDSDDT (NTENS) ,DRPLDE (NTENS) ,

2 STRAN(NTENS) ,DSTRAN (NTENS),TIME(2),PREDEF (1) ,DPRED (1),
3 PROPS (NPROPS) ,DROT(3,3)

C EELAS - ELASTIC STRAINS
C EPLAS - PLASTIC STRAINS
C FLOW - DIRECTION OF PLASTIC FLOW

DIMENSION EELAS(NTENS),EPLAS(NTENS),FLOW(NTENS),
1 ALPHA(NTENS)

PARAMETER(ZER0=0.D0O, ONE=1.DO, TW0=2.D0O, THREE=3.DO,
1 SIX=6.D0,ENUMAX=.4999D0, NEWTON=100, TOLER=1.0D-6)

PROPS (1) - E
PROPS (2) - NU
PROPS (3) - SYIELD

EMOD=PROPS (1)
ENU=PROPS (2)

EBULK3=EMOD/ (ONE-TWO*ENU)
EG2=EMOD/ (ONE+ENU)
EG=EG2/TWO

EG3=THREE*EG
ELAM=(EBULK3-EG2)/THREE
SYIELO=PROPS (3)

NU=0.3
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C ELASTIC STIFFNESS

DO Ki=1, NDI

DO K2=1, NDI

DDSDDE (K2, K1)=ELAM

END DO

DDSDDE (K1, K1)=EG2+ELAM
END DO

DO K1=NDI+1, NTENS
DDSDDE (K1 ,K1)=EG

END DO

C RECOVER ELASTIC AND PLASTIC STRAINS AND ROTATE FORWARD
C ALSO RECOVER EQUIVALENT PLASTIC STRAIN

C oo o
CALL ROTSIG(STATEV (1), DROT, EELAS, 2, NDI, NSHR)
CALL ROTSIG(STATEV(NTENS+1), DROT, EPLAS, 2, NDI, NSHR)
CALL ROTSIG(STATEV (2*NTENS+1), DROT, ALPHA, 1, NDI,
1 NSHR)
EQPLAS=STATEV (3*NTENS+1)
C oo o

DO K1=1, NTENS

STRESS (K1) = 0.0d0

END DO

DO K1=1, NTENS

EELAS(K1)=EELAS(K1)+DSTRAN (K1)

DO K2=1, NTENS

STRESS (K2)=STRESS (K2)+DDSDDE (K2 ,K1)*EELAS (K1)
END DO

END DO

SMISES=(STRESS (1) -ALPHA (1) -STRESS (2) +ALPHA (2)) *x*2
1 +(STRESS(2) -ALPHA (2) -STRESS (3)+ALPHA (3) ) **2
2 +(STRESS(3)-ALPHA (3) -STRESS (1)+ALPHA (1)) *%2

DO K1=NDI+1,NTENS
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SMISES=SMISES+SIX*(STRESS (K1) -ALPHA (K1))*%*2
END DO
SMISES=SQRT(SMISES/TWO)

C HARDENING PARAMETERS
EMEF=0.07
EME0=0.3
EMEP=0.6
PSIF=192.3
PSIE=24.59
PSIL=454.3

CALCULATE RELATION BETWEEN ISOTROPIC AND
KINEMATIC HARDENING

EME=EMEF+(EMEO-EMEF) xexp (-EMEP*EQPLAS)

C CALCULATE HARDENING LAW
SIGMA=SYIELO+PSIF*(1-exp(-PSIE*EQPLAS))+PSIL*EQPLAS

C CALCULATE THE EVOLUTION OF THE ISOTROPIC HARDENING
CA=EME* (SIGMA-SYIELO)

C CALCULATE THE EVOLUITON OF THE KINEMATIC HARDENING
BETA=sqrt (TWO/THREE) * ((-SIGMA+SYIELO)* (EMEO-EMEF) *
1 (-EMEP)*exp (-EMEP*EQPLAS)+(1-EME)* (PSIF*PSIEx*
1 exp(-PSIE*EQPLAS)+PSIL))

C DETERMINE IF ACTIVELY YIELDING
RHS=SMISES-SYIELO-CA
IF (RHS.GT.0) THEN

% % % %k %k %k %k %k K ok 5k %k %k %k K 5k %k %k % K 5k 5k k %k Kk 5k 5k k %k %k % 5k %k k % %k 5k >k * k K *k >k k% % %

ACTIVELY YIELDING

C SEPARATE THE HYDROSTATIC FROM THE DEVIATORIC STRESS
SHYDRO=(STRESS (1) +STRESS (2) +STRESS (3) )/ THREE

C CALCULATE THE FLOW DIRECTION
DO K1=1,NDI
FLOW(K1)=(STRESS (K1) -SHYDRO-ALPHA (K1))/SMISES
END DO
DO K1=NDI+1, NTENS
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FLOW(K1)=(STRESS (K1) -ALPHA(K1))/SMISES
END DO

DEQPL=0

DO KEWTON=1, NEWTON
DEQPL=RHS/(THREE/TWO0* (EG2+BETA))
EQPLAS=EQPLAS+DEQPL

DO Ki=1, NDI
EPLAS(K1)=EPLAS(K1)+THREE/TWO*xFLOW (K1) *DEQPL
EELAS(K1)=EELAS (K1) -THREE/TWO*xFLOW (K1) *DEQPL
END DO

DO K1=NDI+1, NTENS
EPLAS(K1)=EPLAS(K1)+THREE*FLOW (K1) *DEQPL
EELAS(K1)=EELAS(K1)-THREE*FLOW(K1)*DEQPL

END DO

EME=emef+(eme0-emef)*exp(-emep*EQPLAS)
SIGMA=SYIELO+psif*(1l-exp(-psie*EQPLAS))+psil*EQPLAS
BETA=sqrt (TWO/THREE) * ((-SIGMA+SYIELO)* (emeO-emef ) *

1 (-emep)*exp(-emep*EQPLAS)+(1-EME)*(psif*psiex*

1 exp(-psie*xEQPLAS)+psil))

DO Ki1=1, NDI

ALPHA (K1)=ALPHA(K1)+BETA*sqrt (THREE/TW0)*FLOW (K1) *DEQPL
END DO

DO K1=NDI+1, NTENS

ALPHA (K1)=ALPHA(K1)+BETA*sqrt (THREE/TW0)*FLOW (K1) *DEQPL
END DO

CA=EME* (SIGMA-SYIELO)

DO Ki=1, NTENS

STRESS (K1) = 0.0DO

END DO

DO K1=1, NTENS

DO K2=1, NTENS

STRESS (K2)=STRESS (K2)+DDSDDE (K2 ,K1)*EELAS (K1)
END DO
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END DO

SMISES=(STRESS (1) -ALPHA (1) -STRESS (2)+ALPHA (2) ) *%2
1 +(STRESS(2) -ALPHA (2) -STRESS (3)+ALPHA (3)) *%2
2 +(STRESS (3) -ALPHA (3) -STRESS (1) +ALPHA (1)) *x*2

DO K1=NDI+1,NTENS
SMISES=SMISES+SIX*(STRESS(K1)-ALPHA (K1))*x*2

END DO

SMISES=SQRT (SMISES/TWO)

RHS=SMISES-SYIELO-CA

IF(ABS(RHS).LT.TOLER) GOTO 10
END DO

CONTINUE

DO K1=1, NTENS

STRESS (K1) = 0.0d0

END DO

DO K1=1, NTENS

DO K2=1, NTENS

STRESS (K2)=STRESS (K2)+DDSDDE (K2 ,K1)*EELAS (K1)
END DO

END DO

DO K1=1,NTENS

DO K2=1,NTENS

DDSDDE (K2 ,K1)=DDSDDE (K2 ,K1) -9.0*EG**2/ (3*EG+3/2*BETA+
1 3/2*((SIGMA-SYIELO)*(emeO-emef)*(-emep)*exp(-emep
2 *EQPLAS)+EMEx*(psif*psie*exp(-psie*EQPLAS)+psil)))
3 *FLOW(K2)*FLOW (K1)

END DO

END DO

END IF
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C % % % % 5 5k 5 5k % % % % 5k % % % % %k 5k % % % 5% 5 % % % % 5k % % % % % 5k % % % % >k >k * % % *k *k %

sk %k %k ok %k ok %k ok ok ok ok %k %k ok ok ok ok %k %k ok ok sk %k %k %k ok ok ok %k %k ok ok ok %k % %k ok ok %k %k %k %k k ok k k Xk

DAMAGE

C DAMAGE PARAMETERS
ALPHA2=0.22
DCR=1
D0=0.0DO
RATEPS=70.42D0O
D=STATEV (3*NTENS+2)
DD=0.0DO
ALPHA2INV=1/ALPHA2
ALPHA2EXPO=(ALPHA2-1)*ALPHA2INV
C DAMAGE ACTIVATION
IF (EQPLAS.GT.0) THEN
FDD=TWO/THREE* (1+NU) +3*(1-2*NU) * (ABS (SHYDRO/SMISES) ) *x*2
AD=DCR-D
IF (AD.LT.O0) THEN
AD=0
END IF
C CALCULATE DAMAGE INCREMENT
EQPLASOLD=STATEV (3*NTENS+1)
DD=ALPHA2/LOG(RATEPS)* ((DCR-DO)**ALPHA2INV) *
1 AD**xALPHA2EXPO*FDD*0.5D0* (EQPLAS-EQPLASOLD)/
2 (EQPLAS+EQPLASOLD)
ELSE
DD=0.0DO
END IF
C UPDATE DAMAGE VALUE
D=D+DD

C % % % % 5 5k 5k ok % % % % 5k % % % % 5k 5k % % % %k 5k % % % % 5k % % % % % 5k % % % % >k >k * % % *k k %

C STORE ELASTIC STRAINS,PLASTIC STRAINS AND HARDENING
DO Ki=1, NTENS
STATEV (K1) = EELAS(K1)
STATEV (K1+NTENS)=EPLAS (K1)
STATEV (K1+NTENS*2)=ALPHA (K1)
END DO
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STATEV (3*NTENS+1)=EQPLAS
STATEV (3*NTENS+2)=D

RETURN
END
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