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1.	  SCHOOL	  INFRASTRUCTURE	  
VULNERABILITY	  	  
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NAZCA	  earthquake	  (1996)	  
	  
•  November	  12th,	  1996.	  
•  Mw	  =	  7.7 	  	  
•  City	  of	  Nazca,	  between	  	  Ica	  and	  Arequipa	  
•  Fatal	  vic^ms	  =	  20	  
•  Injuries=	  2,000	  
•  Affected	  popula^on	  =	  100,000	  
•  Loss	  es^mated	  =	  	  USD$	  	  43	  million	  

Peru,	  one	  of	  the	  countries	  with	  the	  highest	  seismic	  ac^vity	  levels	  
and	  school	  infrastructure	  with	  high	  vulnerability	  	  

AREQUIPA	  earthquake	  (2001)	  
	  
•  June	  23rd,	  2001.	  
•  Mw	  =	  8.4 	  	  
•  Region	  of	  Arequipa	  
•  Fatal	  vic^ms	  =	  102	  
•  Injuries	  =	  2,400	  
•  Missing	  people	  =70	  
•  Affected	  popula^on=	  460,000	  



5	  

•  Computa;onal	  Model	  

•  Dynamic	  nonlinear	  
structural	  Analysis	  

•  Pushover	  curve	  for	  different	  
interven;on	  op;ons	   	  	  

How	  to	  measure	  	  
vulnerability?	  
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Incremental	  retrofigng:	  Performance	  points	  
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Incremental	  retrofi8ng:	  	  
discrete	  steps	  over	  a	  period	  
of	  ;me	  	  
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Acceptable	  risk	  reduc;on	  
with	  less	  ini;al	  resources	  

Source:	  FEMA	  P-‐420	  

INCREMENTAL	  RETROFITTING:	  CONCEPT	  



Incremental	  retrofigng:	  Acceptance	  Criteria	  for	  
capacity	  and	  demand	  
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Probabilis^c	  –	  Average	  Annual	  Loss	  
Methodology	  -‐	  Risk	  assessment	  

Risk	  Reduc;on	  in	  mi;ga;on	  plans	  is	  calculated	  as	  the	  difference	  in	  the	  AAL	  
between	  the	  original	  structure	  and	  the	  retrofi_ed	  one.	  
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𝑹𝒊𝒔𝒌  𝑹𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏= 𝑨𝑨𝑳  %↓  𝒃𝒆𝒇𝒐𝒓𝒆  𝒊𝒏𝒕𝒆𝒓𝒗𝒆𝒏𝒕𝒊𝒐𝒏 − 𝑨𝑨𝑳%↓  𝒂𝒇𝒕𝒆𝒓  
𝒊𝒏𝒕𝒆𝒓𝒗𝒆𝒏𝒕𝒊𝒐𝒏 	  

Star;ng	  point	  of	  priori;za;on	  scheme	  
(E/C)	  

Ini;al	  risk	  assessment	  
Risk	  re-‐assessment	  considering	  
interven;on	  	  	  

Original	  Structure	  

Retrofi_ed	  Structure	  

Reduced	  
seismic	  risk	  
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2.	  RETROFITING	  OPTIONS	  
	  
	  



Incremental	  retrofigng	  solu^ons	  
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General	  criteria	  for	  the	  solu;ons:	  
1.  Minimize	  interven;on	  ;me	  to	  avoid	  interrup;on	  of	  classes/ac;vi;es	  

2.  Minimize	  interven;on	  costs	  and	  complexity	  of	  the	  construc;on	  

process	  	  

3.  Minimize	  the	  area	  and	  number	  of	  elements	  intervened	  

4.  Minimize	  impacts	  in	  the	  func;onality	  of	  the	  classrooms	  (maintain	  

ligh;ng,	  door	  loca;on)	  

5.  Avoid	  interven;on	  to	  the	  founda;on	  

6.  Phase	  1	  should	  achieve	  a	  performance	  level	  of	  immediate	  occupancy	  

or	  higher	  



1)	  Steel	  Braced	  Op^on	  
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•  Braced	  steel	  frames:	  Steel	  frames	  (beams	  +	  columns)	  with	  

braces	  placed,	  anchored	  to	  the	  concrete	  frame.	  

In	  2	  selected	  spans	  in	  1st	  floor	  on	  each	  façade	  
	  
PHASE	  ONE	  
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In	  2	  selected	  spans	  
in	  1st	  floor	  on	  each	  

façade	  
	  

PHASE	  ONE	  

Front	  

Rear	  

1)	  Steel	  Braced	  Op^on	  



2)	  Concrete	  Shear	  Walls	  
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Concrete	  walls:	  Add	  2m	  long	  concrete	  walls	  along	  two	  exis;ng	  columns,	  
separated	  by	  a	  third	  column	  which	  is	  also	  intervened.	  The	  walls	  are	  
connected	  by	  retrofi_ed	  beams.	  

Concrete	  shear	  walls	  on	  principal	  façade	  
PHASE	  ONE	  
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Concrete	  shear	  
walls	  on	  principal	  

façade	  
	  

PHASE	  ONE	  

Front	  

Rear	  

2)	  Concrete	  Shear	  Walls	  



3)	  Confined	  Retrofiled	  Masonry	  Walls	  	  
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Masonry	  walls:	  Add	  a	  masonry	  wall	  50	  cm	  long	  above	  the	  infill,	  next	  to	  an	  
exis;ng	  column	  to	  fill	  the	  gap	  and	  form	  a	  confined	  masonry	  wall.	  

2	  Confined	  Retrofi_ed	  Masonry	  Walls	  for	  each	  façade	  
PHASE	  ONE	  
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2	  Confined	  
Retrofi_ed	  Masonry	  

Walls	  for	  each	  
façade	  

	  
PHASE	  ONE	  

Front	  

Rear	  

3)	  Confined	  Retrofiled	  Masonry	  Walls	  	  



4)	  Addi^onal	  Concrete	  Frames	  
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Addi;onal	  Concrete	  Frames:	  Add	  an	  internal	  addi;onal	  concrete	  frame	  
connected	  to	  the	  original	  structure	  in	  frame	  corners.	  

4	  Addi;onal	  Concrete	  Frames	  
PHASE	  ONE	  



4)	  Addi^onal	  Concrete	  Frames	  
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4	  Addi;onal	  
Concrete	  Frames	  	  

	  
PHASE	  ONE	  

Front	  

Rear	  



5)	  Bulress	  Walls	  
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Addi;onal	  Concrete	  Frames:	  Add	  an	  internal	  addi;onal	  concrete	  frame	  
connected	  to	  the	  original	  structure	  in	  frame	  corners.	  

2	  Addi;onal	  Bu_ress	  Walls	  
PHASE	  ONE	  
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2	  Addi;onal	  
Bu_ress	  Walls	  

	  
PHASE	  ONE	  

Front	  

Rear	  

5)	  Bulress	  Walls	  
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3.	  SELECTION	  CRITERIA	  
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Probabilis^c	  risk	  assessment:	  general	  methodology	  

Hazard	   Exposed	  Assets	   Vulnerability	  

Probabilis^c	  risk	  assessment	  

Average	  Annual	  Loss	  (AAL)	  
for	  each	  building	  
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SELECTION	  OF	  THE	  BEST	  MITIGATION	  OPTION	  	  

B/C	  	  =	  	  Benefit	  /	  Cost	  	  Assessment	  	  

𝐵/𝐶 =   𝐴𝐴𝐿  $  ↓  𝑏𝑒𝑓𝑜𝑟𝑒  𝑑𝑎𝑚𝑎𝑔𝑒 − 𝐴𝐴𝐿  $↓  𝑎𝑓𝑡𝑒𝑟  𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛 /𝐶𝑜𝑠𝑡  𝑜𝑓  
𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛∗𝑖↓𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡  𝑟𝑎𝑡𝑒  	  

ü  Risk	  Reduc;on	  (Vulnerability	  Curves)	  
ü  Down;me	  reduc;on	  
ü  Indirect	  losses	  reduc;on	  
ü  Reduc;on	  in	  maintenance	  costs	  

ü  Nominal	  cost	  of	  interven;on	  
ü  Bussiness	  interrum;on	  during	  

interven;on	  
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1)	  Steel	  braces	  

3)	  Concrete	  shear	  walls	  

B/C	  =	  2.5	  

B/C	  =	  1.5	  

Addi;onal	  considera;ons:	  
•  Longer	  interven;on	  ;me	  
•  More	  complex	  procedures	  
•  Significant	  reduc;on	  in	  window	  areas	  
•  Founda;on	  interven;on	  	  

Addi;onal	  considera;ons:	  
•  Very	  simple	  interven;on	  
•  Short	  installa;on	  ;me	  
•  Be_er	  performance	  
•  Limited	  func;onal	  impact	  	  

2)	  Confined	  Masonry	  walls	  

B/C	  =	  2.0	  

Addi;onal	  considera;ons:	  
•  Intermediate	  seismic	  performance	  
•  High	  availability	  of	  materials	  
•  Standard	  qualified	  personal	  to	  implement	  
•  Founda;on	  interven;on	  
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4.	  EXPERIMENTAL	  VERIFICATION	  
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Original	  structure	  for	  benchmark	  

•  Experimental	  tests	  for	  
calibra;ng	  vulnerability	  

Type	  780	  PRE	  (Source:	  PUCP,	  Sismid)	  

Specimen	  
“module”	  for	  
dynamic	  tests	  

Cap^ve	  
column	  
problems	  

•  Experiment	  setup	  &	  analysis	  model	  
•  Laboratory	  test	  full	  scale,	  specimens	  

test,	  etc.	  

•  Original	  structure	  behaviour	  



1)	  Steel	  Braces	  



1)	  Steel	  Braces	   B/C	  =	  2.5	  

GLOBAL	  EXPERIMENT	  VIEW	  
(Steel	  brace	  retrofit)	  

DETAILED	  VIEW	  
(Junc;on	  between	  Steel	  and	  

concrete	  frames)	  



1)	  Steel	  Braces	  

BEFORE	  INTERVENTION	  	  	   AFTER	  INTERVENTION	  	  	  



2)	  Concrete	  Shear	  walls	   B/C	  =	  1.5	  



3)	  Confined	  masonry	  walls	   B/C	  =	  2.0	  



Comparison	  of	  the	  three	  retrofigng	  techniques	  
and	  the	  original	  PRE780	  
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5.	  CONCLUSIONS	  

1.  Reliable	  vulnerability	  assessment	  is	  possible	  through	  
computa;onal	  and	  physical	  modelling	  	  

2.  Vulnerability	  is	  measured	  by	  means	  of	  the	  expected	  
damage	  or	  economic	  loss	  of	  each	  building	  typology	  for	  
different	  earthquake	  scenarios	  

3.  Op;mal	  mi;ga;on	  op;ons	  can	  be	  selected	  using	  disaster	  
risk	  assessment	  and	  benefit/cost	  analysis.	  	  

4.   Innova^on	  and	  technology	  allows	  the	  op;miza;on	  in	  the	  
design	  of	  retrofi8ng	  op;ons.	  	  

5.  An	  op^mal	  risk	  reduc^on	  op^on,	  will	  reduce	  total	  
interven;on	  costs	  significantly!!	  

	  
	  



36	  Thank	  you	  


