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The	  model	  building	  was	  selected	  to	  be	  a	  simple	  two-‐story	  office	  building	  in	  downtown	  
Berkeley.	  The	  dimensions	  were	  decided	  to	  be	  120	  feet	  by	  180	  feet	  with	  30	  foot	  wide	  bays	  
and	  13	  foot	  tall	  stories,	  with	  one	  set	  of	  braces	  per	  story	  contained	  in	  one	  outer	  bay	  of	  
each	  side	  of	  the	  building	  (Figure	  5).	  	  	  

Braced	  frame	  systems	  resist	  lateral	  loads	  and	  limit	  story	  dri(	  by	  dissipaDng	  energy	  
through	  tension	  yielding	  and/or	  compression	  buckling	  in	  the	  braces.	  	  Technological	  
improvements	  in	  the	  design	  of	  earthquake	  resistant	  buildings	  has	  seen	  an	  evoluDon	  
from	  use	  of	  special	  moment	  frames	  (SMFs)	  (Figure	  1a)	  to	  special	  concentrically	  braced	  
frames	  (SCBFs)	  (Figure	  1b)	  and	  more	  recently	  buckling	  restrained	  braced	  frames	  (BRBFs)	  
(Figure	  1c).	  	  

While	  SCBFs	  have	  proven	  more	  efficient	  than	  special	  moment	  frames	  in	  opposing	  
lateral	  effects,	  one	  very	  limiDng	  shortcoming	  of	  this	  type	  of	  system	  is	  the	  severe	  
decrease	  in	  brace	  sDffness	  and	  capacity	  once	  it	  buckles,	  leading	  to	  premature	  failure.	  	  
The	  BRB	  was	  developed	  to	  balance	  the	  compression	  capacity	  and	  tension	  capacity	  by	  
acDng	  as	  a	  two	  part	  system	  that	  inhibits	  buckling	  by	  encasing	  the	  steel	  core	  (Figure	  2).	  

Figure	  1a:	  Moment	  frame	  
connecDon	  (Source:	  AISC)	  

Figure	  1b:	  SCBF	  in	  a	  X	  
configuraDon	  (Source:	  AISC)	  

Figure	  1c:	  2-‐story	  BRBF	  
(Source:	  AISC)	  

While	  BRBs	  have	  shown	  strong	  performance,	  they	  are	  sDll	  
vulnerable	  to	  deformaDon	  and	  failure	  at	  the	  gusset	  plates,	  and	  they	  
have	  shown	  concentraDon	  of	  lateral	  deflecDon	  at	  lower	  stories,	  
which	  can	  lead	  to	  	  increased	  damage	  and	  in	  extreme	  cases,	  so(	  
story	  collapse	  (Figures	  3a	  and	  3b).	  	  

design	  procedures.	  	  The	  design	  of	  structures	  using	  BRBFs	  is	  done	  primarily	  using	  
requirements	  for	  SCBFs,	  which	  BRBFs	  have	  shown	  they	  can	  outperform.	  This	  project	  
aims	  at	  determining	  the	  most	  effecDve	  raDos	  of	  sizes,	  shapes,	  and	  orientaDons	  of	  	  
both	  buckling-‐restrained	  braces	  and	  convenDonal	  braces.	  	  	  

Using	  AISC-‐360-‐05,	  the	  loading	  was	  calculated	  for	  this	  2	  story	  building.	  	  Earthquake	  
loading	  was	  determined	  with	  Equivalent	  Lateral	  Force	  Analysis,	  with	  seismic	  base	  shear	  
from	  FEMA-‐450	  Provisions	  equaDon	  5.2-‐1	  equaling	  656	  kips.	  	  This	  force	  was	  rounded	  
and	  distributed	  400	  kips	  at	  the	  top	  floor	  and	  260	  kips	  at	  the	  boVom	  floor.	  	  	  The	  dead	  
load	  was	  calculated	  based	  on	  loading	  assumpDons	  from	  a	  similar	  previous	  test	  (Lai	  
2009)	  and	  was	  applied	  as	  a	  point	  load	  at	  each	  of	  the	  four	  column-‐beam	  connecDons.	  	  
The	  dead	  load	  from	  member	  weight	  was	  not	  accounted	  for	  in	  calculaDons	  because	  the	  
analysis	  program,	  SAP2000,	  was	  set	  to	  account	  for	  this	  weight	  during	  analysis.	  	  The	  
braces	  were	  arranged	  in	  a	  chevron	  design	  and	  pinned	  at	  both	  ends	  with	  the	  BRB	  on	  the	  
le(	  and	  the	  convenDonal	  brace	  on	  the	  right	  (Figure	  6a).	  	  Three	  different	  brace	  length	  
configuraDons	  were	  considered	  	  and	  given	  the	  names	  25/75,	  50/50,	  and	  75/25	  for	  
reference	  (Figure	  6).	  	  	  	  

• Non-‐linear	  analysis	  of	  the	  strongback	  
system	  	  	  

• Study	  on	  the	  cost	  and	  constructability	  of	  
strongback	  system	  compared	  to	  the	  	  
convenDonal	  systems	  

• Further	  study	  on	  taller	  frames	  and	  more	  
complicated	  floor	  plans	  uDlizing	  strongback	  
systems	  (Figure	  12)	  

• Experimental	  tesDng	  of	  this	  innovaDve	  
system	  

• Study	  on	  the	  brace	  combinaDons	  differing	  
from	  floor	  to	  floor	  to	  opDmize	  the	  
distribuDon	  of	  the	  inter-‐story	  dri(	  

Figure	  12:	  4	  story	  strongback	  system	  design	  

During	  analysis,	  the	  load	  combinaDon	  of	  interest	  was	  1.2D+1.0EQ.	  	  The	  analysis	  was	  
performed	  in	  the	  elasDc	  range	  of	  brace	  response,	  so	  in	  order	  to	  simplify	  the	  
procedure,	  BRBs	  were	  modeled	  as	  solid	  secDons	  with	  varying	  axial	  areas	  under	  the	  
assumpDon	  that	  BRB	  failure	  would	  only	  be	  caused	  by	  exceeding	  the	  yielding	  
capacity	  and	  not	  by	  buckling.	  
Earthquake	  loading	  was	  applied	  from	  le(	  to	  right	  (Figure	  6c)	  and	  right	  to	  le(	  (Figure	  
6b),	  resulDng	  in	  two	  sets	  of	  values	  for	  each	  of	  the	  48	  different	  brace	  configuraDons.	  	  
A(er	  the	  analyses	  were	  carried	  out	  in	  SAP	  2000	  ,	  deflecDons,	  axial	  forces	  of	  the	  
frames,	  and	  shear	  forces	  in	  the	  columns	  were	  recorded	  in	  Microso(	  Excel,	  where	  
this	  data	  was	  used	  to	  calculate	  inter-‐story	  dri(	  raDos,	  and	  axial	  deformaDon	  of	  the	  	  
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A	  strongback	  system	  (Figure	  4)	  can	  
theoreDcally	  prevent	  the	  so(	  story	  
mechanism	  with	  the	  buckling	  restrained	  
braces	  dissipaDng	  energy	  and	  yielding	  
first	  allowing	  the	  convenDonal	  braces	  to	  
distribute	  the	  lateral	  displacement.	  For	  
such	  a	  new	  idea,	  the	  dual	  system	  has	  
very	  liVle	  experimental	  tesDng	  and	  	  

Figure	  6a:	  50/50	  ConfiguraDon	  
before	  analysis	  with	  dead	  load	  
shown	  

Figure	  6b:	  25/75	  configuraDon	  
a(er	  analysis	  of	  right	  to	  le(	  
earthquake	  loading	  

Figure	  6c:	  75/25	  ConfiguraDon	  
a(er	  analysis	  of	  le(	  to	  right	  
earthquake	  loading	  

Figure	  2:	  The	  BRB	  Components	  
(Source:	  Nippon	  Steel)	  

Figure	  3a	  and	  3b:	  The	  So(-‐story	  Mechanism	  
(Source:	  NISEE)	  

Figure	  4:	  The	  Strongback	  System	  
(Source:	  xxx)	  

Figure	  5:	  The	  Model	  Building	  

Lateral	  deflecDon	  was	  measured	  at	  the	  
joints	  at	  which	  earthquake	  loading	  was	  
applied.	  	  The	  inter-‐story	  dri(	  raDo	  
calculaDon	  is	  shown	  in	  Figure	  	  7.	  	  
Ideally,	  this	  raDo	  would	  be	  equal	  to	  1,	  
indicaDng	  the	  structure’s	  deflecDon	  is	  
uniformly	  distributed.	  

δ1	  
δ2	  

RaDo	  =	  	  	  	  	  	  δ1	  

δ2-‐	  δ1	  Figure	  7:	  Inter-‐story	  dri(	  raDo	  calculaDon	  

25	  /	  75	  ConfiguraDon	  

BRB	  Axial	  DeformaDon	  

4	  @	  30’	  

6	  @	  30’	  

2	  @	  13’	  

2	  @	  13’	  

Future	  Work	  

In	  nearly	  all	  cases,	  an	  increase	  in	  brace	  size	  (axial	  area)	  reduced	  inter-‐story	  dri(.	  	  	  There	  
were	  two	  specific	  condiDons	  when	  this	  trend	  was	  not	  followed.	  	  Right	  to	  le(	  loading	  of	  

Figure	  9a:	  Le(	  	  to	  right	  loading	  of	  25/75	  configuraDon	  

BRB	  Steel	  Core	  Area	  vs.	  Inter-‐story	  Dri(	  RaDo	  
(Le(	  to	  Right	  Loading)	  

ConvenDonal	  
Braces	  

BRBs	  

the	  25/75	  configuraDon	  (Figure	  11a)	  saw	  an	  
increase	  in	  inter-‐story	  dri(	  with	  increase	  in	  BRB	  
size,	  while	  le(	  to	  right	  loading	  of	  the	  75/25	  
configuraDon	  (Figure	  11b)	  saw	  mostly	  increases	  in	  
the	  inter-‐story	  dri(	  with	  increase	  in	  convenDonal	  
brace	  size.	  	  These	  cases	  are	  uniquely	  similar	  in	  that	  
there	  is	  no	  brace	  resisDng	  the	  lateral	  load	  on	  the	  
second	  floor	  unDl	  ¾	  of	  the	  way	  across	  the	  beam.	  	  
It	  is	  esDmated	  that	  the	  increased	  sDffness	  of	  the	  
shorter	  braces	  reduces	  these	  braces’	  axial	  
shortening,	  resulDng	  in	  a	  higher	  level	  of	  verDcal	  
displacement	  at	  the	  brace	  intersecDon	  which,	  in	  
turn,	  causes	  a	  greater	  axial	  load	  on	  the	  column	  
nearest	  the	  shorter	  braces.	  	  Notably,	  in	  the	  
opposite	  load	  case	  of	  these	  two	  condiDons,	  the	  
inter-‐story	  dri(	  raDo	  was	  close	  to	  1	  (Figures	  9a	  and	  
10b),	  although	  the	  longer	  braces	  were	  more	  
suscepDble	  to	  failure.	  

Figure	  11a:	  Right	  to	  le(	  loading	  of	  25/75	  

Figure	  11b:	  Le(	  to	  right	  loading	  of	  75/25	  

Because	  this	  analysis	  was	  done	  in	  the	  elasDc	  range,	  some	  of	  the	  advantages	  the	  
strongback	  system	  offers	  over	  convenDonal	  or	  buckling	  restrained	  brace	  systems	  were	  
not	  apparent	  and	  would	  only	  be	  exhibited	  once	  the	  braces	  were	  pushed	  into	  the	  
inelasDc	  range.	  	  	  However	  some	  strengths	  of	  the	  strongback	  system	  were	  clearly	  
displayed.	  	  Many	  of	  the	  systems	  performed	  well,	  meeDng	  the	  loading	  demand	  without	  
any	  members	  failing.	  	  In	  addiDon,	  some	  brace	  configuraDons	  contained	  BRBs	  that	  would	  
have	  buckled	  if	  they	  were	  convenDonal	  braces,	  while	  other	  configuraDons	  contained	  
locaDons	  at	  which	  either	  a	  BRB	  or	  convenDonal	  brace	  would	  be	  adequate.	  	  The	  
strongback	  system	  exhibits	  the	  disDnct	  advantage	  of	  having	  a	  lower	  cost	  than	  a	  dual	  BRB	  
system,	  due	  to	  	  the	  lower	  number	  of	  expensive	  BRBs.	  	  Also,	  with	  opDmal	  design	  of	  BRB	  
and	  convenDonal	  brace	  combinaDon,	  it	  is	  able	  to	  outperform	  convenDonal	  brace	  
systems	  which	  are	  at	  risk	  of	  buckling	  failure.	  	  
The	  full	  possibiliDes	  of	  strongback	  system	  performance	  could	  be	  explored	  more	  fully	  
with	  non-‐linear	  analysis	  of	  its	  response	  in	  the	  inelasDc	  range.	  	  It	  is	  expected	  that	  in	  the	  
inelasDc	  range,	  the	  convenDonal	  brace	  will	  serve	  as	  an	  elasDc	  truss	  and	  distribute	  the	  
inter-‐story	  dri(	  more	  uniformly	  while	  the	  BRB	  yields.	  	  	  

50	  /	  50	  ConfiguraDon	  

Figure	  8a:	  Le(	  	  to	  right	  loading	  of	  50/50	  configuraDon	  
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Figure	  8b:	  Right	  to	  le(	  loading	  of	  50/50	  configuraDon	  
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Figure	  10b:	  Right	  to	  Le(	  loading	  of	  75/25	  configuraDon	  
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Figure	  9a:	  Right	  to	  Le(	  loading	  of	  25/75	  configuraDon	  

25/75	   50/50	   75/25	   25/75	   50/50	   75/25	  

BRB	  10	   Axial	  DeformaDon	  (in.)	   0.20	   0.34	   0.58	   BRB	  20	   Axial	  DeformaDon	  (in.)	   0.11	   0.18	   0.30	  

Strain	   0.11%	   0.14%	   0.19%	   Strain	   0.06%	   0.07%	   0.10%	  

25/75	   50/50	   75/25	   25/75	   50/50	   75/25	  

BRB	  15	   Axial	  DeformaDon	  (in.)	   0.14	   0.23	   0.40	   BRB	  25	   Axial	  DeformaDon	  (in.)	   0.09	   0.14	   0.24	  

Strain	   0.08%	   0.10%	   0.13%	   Strain	   0.05%	   0.06%	   0.08%	  

Table	  1:	  Average	  DeformaDon	  and	  Strain	  of	  BRB	  with	  Le(	  to	  Right	  Loading	  BRBs.	  


