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Outline of Presentation

* Our Task

* Building features

* |nvestigation approach

* How did the building collapse?
 Why did the building collapse?
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Our Task

* Investigation for DBH was focussed on:
— Reasons for collapse of CTV Building
— Implications for standards and practices

 The scope of the investigation was limited to identifying technical
reasons for the collapse.

e Roles:

— Dr Clark Hyland
e Joint Author
* Expert Panel Member

— Mr Ashley Smith
e Joint Author
e Coordination of Non-Linear Seismic Analysis
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did CTV Collapse?

Method 1

Collect Data
Background Research

!

Form Hypothesis
(Collapse Scenario)

l l

Review Evidence < N Carry out Analysis
(Demand / Capacity)

_)r Draw Conclusion D EE—

Hypothesis False

(or partly true) Hypothesis [True

‘ Report 4
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Level 6 :
Line F Columns on East face

South Wall with

fire escape stair Pre-cast concrete

Spandrel Panels

. between columns
Line 1 Columns

on South face
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Level 1 >.

CTV Building in 2004 (viewed from southeast)
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Building Features

Rectangular columns on @ @ @
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Y Infill Masonry Wall on

three levels
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Foundations
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Edge beams and

circular columns Madras St on East face

Birds-eye view from east without slabs
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North Core Wall
with Column
attached

<ss Huyland

FATIGUE+EARTHQUAKE ENGINEERING

Level 1 J
(Ground :zf*' EHE |

KT
______ = -
swzo__| Toe gy | .
el HEP LM II
§ |l Telsn
Roof _ I
o g l
NG b
Level 6
rm, o m—
TI 'm

Level 5__% o0
i

7 iy
w 3| —%ren
e g
Level4 | g |
—8
& ; I
ol K
- 4
;
Level 3 [
— K -[— T
g | i
v B | §|
Level2+ ||/ & .
-Tiﬂ L/ 1 “sn2
& .
VA -
A
[0t % g |

1

pacH CITY coune

Wilitir

e G
Y

WALL UNE D/E comge s s e Comaog trgme

BUI.MAD249.0504.9



South Wall
Elevation
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Beam and Floor
Sections
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Spandrel end walls
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Investigation Approach

* Collapsed Condition

* Witness Interviews

* Site Examination

* Materials Testing

e Structural Analysis

* Compliance Checks

* Collapse Scenario Evaluation
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CTV Building after the Collapse

e View from west

— Fire just started
near north end

— Level 4 to 6
cladding pushed
north

* Little debris
otherwise on this
side

— Diagonal cracking
to masonry infill

— No liquefaction

<as Huyland
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North Core

Level 4, 5 and
6 Cladding

Level 2
masonry with
diagonal
cracking

No
liquefaction

View from Les Mills from west Immediately after the collapse

for
18

Canterbury Earthquakes Royal Commission



BUI.MAD249.0504.19

CTV Building after the Collapse

* View from South
— Prior to fire starting
— Level 5 slab hanging from

North Core Level 6 slab
— Level 6 slab supported by drag

bars Level 5 slab
— No debris south of the

building

e (Cars parked in front of South
Wall undamaged

Cars undamaged
on South face

View from Cashel Street from south Immediately after the collapse
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CTV Building after the Collapse

 View from southeast

— Smoke from fire in
background

— No liquefaction

— Slight eastward

throw
e Carsin Madras
Street crushed by

edges beams and
Spandrel panels

_ CO I umns fr‘a Ct u red View from southeast Immediately after the collapse
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CTV Building after the Collapse

 View from East Lines 2to 4
— Smoke from fire in background
— No liquefaction
— Cars in Madras street crushed
— Columns fractured

View from east at Line 4 North Core Immediately

View from Blackwells from east Line 2 to 4 shortly after the collapse
after the collapse at 1:00 pm

at 1:21 pm
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Witness Interviews

* 18 Eye-witnesses |
Interviewed 1=

. o . :@\ _ ,J\Y, 1{}]_="“‘J‘ % i L
— 6 were in the building =« FLJ S8
during the collapse g S

 Levels1,4and 6

— Views of the collapse
from East, South and
West

* 3D perspectives

* Fly-through video
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* Witness 14: Gutteridge

— Twisting, bursting, columns
breaking
* Witness 8 and 15: Hawker and
Spencer

— Upper portion came down as
a unit

* Witness 6: May

— Top leaned to east then
collapsed straight down
* Witness at Level 4 Lifts:
Godkin and Horsley
— Floor started collapsing and

undulating near South Wall
before sharp west-east lurch
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Site Examination

e Salvaged Structural components
* North Core examination
e Levels Survey

* Foundations excavation and
examination

* Column extraction and testing at
Burwood
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Salvaged Structural Components

e South Wall Level 5to 6

— Soft concrete at door
head

* Non-compliant
— Smooth construction
joints

* Non-compliant
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Salvaged Structural Components

* Column Hinging
— Base
— Mid-height

* Vertical reinforcing
steel termination

zone
* Spandrel Panel
contact?
— Head
a e for
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Salvaged Structural Components

‘—% Inter-storey displacement

800 mm

@ Once the column hits the Spandrel Panel the damage at the

column head increases markedly to loss of load carrying
capacity. Damage may also possibly develop near contact
with the Spandrel Panel. Distress may develop at
compression splice ends 1200 mm above base due to lack of
confining steel

Damage developing
at the head and base of the
column as the inter-storey
drifts increase.

* Possible East and North face column damage sequence
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South Wall Conditio
7\ BN T

e South Wall

— Heavy compression
spalling at east end

— Fan like flexural
cracking

e Cantilever behaviour

e Masonry infill of door
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North Core Condition

st

* Hairline cracking to North Core
* Fire effects on inner faces
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North Core Examination
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* DragBars at Levels4to 6
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* No or little slab reinforcing connection to some walls
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North Core Examination
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North Core Examination

L6 Drag Bar still attached to and
holding up slab

L5 Drag Bars

L5 Line 4 precast concrete beam
after L5 slab has rotated off

L4 slab failure along ends of HI12
saddle bars 1200mm off Line 4
similar to L5 and L6

Failure surface runs diagonally from
inside face of edge beam to the
ends of the slab saddle bars

Column Line 4 D/E L4-5 and L5-6
with beam-column joint pullout at
L5

Canterbury Earthquakes Royal Commission
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North Core Examination

L5 Drag Bar

L5 slab from in front of lifts between
Walls D/E and D

L5 slab failure surface 1200 mm out
from Line 4 at end of HI2 saddle
bars
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North Core Examination

* Slabs leaning against
North Core

* |Indicates loss of
support along Line 3
prior to breaking off
North Core
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North Core Examination

Drag Bars slab

anchors at Levels 4, 5

and 6 upright behind

wall tips

— Slab appeared to have
rotated off after
collapse further south
in building

Some Drag Bars had

been cut off during

recovery operations

Level 4 Drag Bars

"
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North Core Examination

e Beam bottom bars not cast into North Core L3 to L6
— Non-compliant
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Levels Survey

No sign of settlement of
the ground floor

North Core had a
northwards
displacement

— More at the eastern end
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Foundations Examination

* No liquefaction
was found
adjacent to the
foundations.

* No signs of uplift

* No signs of
damage to the
foundation beams
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Materials Testing

e Concrete cores from

walls, slabs
columns

* Reinforcing
decking

— Compliant

* Drag Bar threaded

anchors
— Compliant

and

steel and

— Results used to assess
Drag Bar capacity
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Concrete Quality

* Wall Concrete
— Satisfactory =
— Localised door head issue ° :

* Slab Concrete |
— Satisfactory

* Beam Concrete
— Satisfactory

e Column Concrete
— Non-compliances

"k
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Column Extraction at Burwood

;2%5;;’?;;?;_2%323?:;: I‘zﬁitc:‘he CTV Building columns extracted for
columns were extracted examination and testing

aT e
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Column Concrete

* Cores extracted and tested
— NZ53112:1986
 Rebound Hammer testing
— Calibrated to core tests ASTM C805
 Comparison to concrete production statistical limits
— NZS 3104:1983
e Comparison to 25 % aged
— Concrete is known to increase in strength with time
* Density
— Low in some cases

"
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Column Concrete

Column Concrete Strength from Tests vsSpecified 28-day Strength Distribution NZ53104:1983

009
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007 |
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z Specified L3 to LE 25 MPa Concrate
= 005
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003 (o
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©
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Cylinder Compressive Strength MPa

* This indicates that the concrete in a significant proportion of the
columns may have had strengths less than the minimum specified
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e South Wall
— Compliant

— Some yielding at base only
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Structural Analysis

* ERSA
— Elastic Response Spectrum Analysis

 NTHA (StructureSmith)
— Nonlinear Time History Analysis

* NPA (StructureSmith)
— Nonlinear Push-over Analysis

* Column drift capacity
— CUMBIA / MATLAB
* Drift Compatibility
— ERSA drifts compared to CUMBIA and NPA drift capacities

— Could the columns cope with the drifts of the South Wall
and North Core?
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Non-Linear
Analysis model
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Recorded Peak Ground Accelerations — 4 September 2010

-
«

Max. Vertical
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* EQ epicentre
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Effects of 4 September 2010

— Estimated floor movements approx. 50% of 22 February
— Limited structural damage reported

— No evidence to indicate significant effects on earthquake
performance

Column cracking Level 6 Spalling plaster at masonry wall

b A
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Recorded Peak Ground Accelerations — 22 February 2011
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Acceleration response spectra
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3-D Animation: 22 February 2011

= Ground shakes, causing building to move
= Notice:

O Lateral (sideways) movement of floors
QO Twisting of floors
Q Strain on columns

o COMPUSOFT
:;: Hgland ENGINEERING
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Columns under strain

Lateral movement of floors causes columns to distort
Distortion causes bending and shear in columns

Lateral

:;: Hyland
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= inter-storey drift demand

q Atotal = |lateral movement between floors Ay _ drifﬁHhMﬁ%%é%pﬁ%t%elds

= elastic displacement

: I II | (Au = total drift capacity of column A= drift after steel yield up to failure
Floor slab : I '| | = Ay +Ap = plastic displacement
\\ | l ' l Ay Ap J Column drift capacity -
pad : ) A, A,
| rri Plastic hinge S S
| lll I rotation h A
RN,

| / / / Column with high axial load

A Q

A J’/ / o
LA/ 7 o
:I / / LL Column with low axial load

111 ©

I D
Il E

:” : 1 ® Yield point
Il

T ® Failure point

]
! Plastic hinge
ll rotation

(2) Elastic (b) Plastic Displacement (drift)

Typical storey
(showing column

movement)
e Column drift demand and capacity STRUCTURIF RiEER
I Hyland ama '
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BUL.MAD249.0504.55

Column F2 Level 3—-22 Feb 2011 — CBGS Record

=Ry

= range of column drift capacltles

2.00

I 1 —

—1.00 l —— EW Drift
5 050 ‘ \ —
[ ' ‘.V ‘ -~ - FrstDragBar
1y | | | €
s . , , ‘{ DiEconnection
- i W = i "“ I | ' - LastDragBar
2 ‘ G,‘ s } DiEconnection
o \ ——ecu =0.004
E 0.50 ‘,’ | |
\ / ’{‘ —— 01 =0.004
1.00 | \ {spandrel,nogap)
7 eou >0.004
ecu > 0.004
_150 {spandrel, nogap)
-2.00
_Zm ..
Tlme from beginning of the analysis record (seconds)

Comparison of drift demand and capacity -

<ss Huyland
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BUI.MAD249.0504.56

Drift demand vs. capacity for column at grid D2

Level Axial Load Drift Capacity E/W Drift Ratio
Demand

22 Feb Demand

(% of storey height) CHHC Capacity
(%) (€cu=0.004)

(kN)
First Yield Nominal | €cu=0.004
Strength

5 324 0.71 0.85 1.31 1.65 1.26
4 681 0.85 0.90 1.20 1.85 1.54
3 1038 no yield 0.89 1.10 1.86( max. 1.69
2 1328 no yield 0.95 1.08 1.76 1.63
1 1682 no yield 0.90 0.96 1.46 1.52

56
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Column Actions Grid D2 Level 1 -22 Feb 2011

) Ll
\”" & .ﬂ Wﬂ

|;w\iv'\n ’ﬁ

1000

(R
I-—E
_..-'"=_-_3 —
shear Force (kN} | | | | Bending Moment (kNm}
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BUI.MAD249.0504.58

Floor Connection to North Core

| @ |

g | lll .ll ‘ AT

£ o 1 (LT ‘” W" I'l "! T

1oL R th W'? o0l -
WP WA (e e ] _

g e L

4

< l‘

% l Lth core total diaphragm N/S actions

. !no disconnection), CBGS 22 February 2011

S
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BUI.MAD249.0504.59

Comments on NTHA

* |nelastic behaviour using earthquake records
* Earthquake records used without scaling
e Calibration to observed damage debatable

* Appears to over predict damage
— Drag Bar failure predicted in September Earthquake

— Drag Bar failure predicted very early in February
Aftershock

 Site evidence and L4 witness testimony indicates Drag Bars
did not fail before collapse started elsewhere

"

«u» Hyland
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BUI.MAD249.0504.60

ERSA

e 3D elastic structural behaviour
— Standard design spectra for compliance checks

» Effect of masonry infill contact considered

— CBD earthquake records spectra

* September Earthquake response 2.0 x December
Aftershock

* February Aftershock 2.2 x September Earthquake
— Tables 15 to 17

e g N
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BUI.MAD249.0504.61

ERSA Earthquake Records

oeary Ave

f “’\.."' Seuwy Ave

=
%
-
Madr
18 secorag

CTV Building

CHHC Chnstchurch Hospital

5 mzpecag

503A Christchurch Canterbury Savings Bank A (Westpac)

501A Christchurch Police Station A

Chastchurch @ Herelord
LY

CCCC Chnistchurch Cathadral College

- 9 <05 60 9 9 9@

H ~
CBGS Christchurch Botanic Gardens
A .
h gy r.-
8 bt REHS Chnistchurch Resthaven
ot Asagn & E i ¢
s o
s ('}
Ave Mosthosse Ave Moarbewse Ave Mocchzses Aew
20mn
I non I
¢ p saca 83047 Goog o, MagDals Sciences P ZAA, Whaseint), Sens P

* GNS recording stations used

"
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ERSA Earthquake Records

Averaged CBD Spectral Accelerations (5% damped)
C.CHHC, Westpac, Police )

aaaaa
{CCCC.C

* Development of Response Spectra for
comparative ERSA

"
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BUI.MAD249.0504.63

Earthquake Records vs Design Spectra

Averaged CBD Spectral Accelerations (5% damped)

{CCCC.CHHC Westpac, Police)

22 Feb

'CTV Building
« Period = 1.0 second

B0
3.,
i - 4 Sep 1984 Code
for] +(Fully
Y S
-] s . \ tand
04 ) A

* Earthquake Loadings Standard (NZS 4203:1984)
— Ductile response

* Design spectra vs Earthquake spectra
— Calibration issues

aWhe for
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BUI.MAD249.0504.64

Compliance Checks to Standards

* Compliance checks to Standards using ERSA

— Walls “complied” with inter-storey drift limits
e Column C/1 K/SM=2.75 drift 0.80% at Level 5 < 0.83% (Table 13)

— Design practitioners would likely have used more conservative development
of “dependable capacity” as measure of elastic limit.

* Should have been adequate to protect columns

— Implied safe ultimate ULS drift performance of Standard at S=5 loads
» 0.83% x5/2.75=1.51%

* However lack of symmetry means check would under predict drifts
— Columns non-compliant for seismic spiral reinforcing limits
 Elastic deformation limits less than K/SM=2.75 drifts (Table 13 and 14)
— Columns non-compliant for spiral reinforcing for shear under
imposed drifts
e Application of the drifts causes high shears in columns heads
* Minimum shear requirements not satisfied to NZS 3101:1982 (p.110)

"
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BUI.MAD249.0504.65

Column Drift Limits

MZ5 3101:1982 Group 2 Seismic Detailing

Criteria for Ductile Structures (5=1} Assumed
€13.5.14.3 Performance
5
B Elastic /
E g Naminally
E = Elastic
EET
=g - imi
‘E 2 Limited
Ductile
2.75/2
2.75/4 Ductile
KfSM K/SM K/SM KSSM
=2.75/4 =2.95/2 =275 =5
Minimum Limited Nan-seismic implied ULS
Elastic  Ductile  patailing Performance
Reserve Detailing Lirmit
Limit Limit
Drift %

* AtK/SM =2.75 loads (2.75 x S=1 loads Fig 162)

Elastic behaviour required if no additional seismic reinforcing provided
*  55% ULS drifts
* Note NZS 3101:1982 Appendix B and ACI 318-71

*  Working Stress vs Strength Design
Additional seismic reinforcing required if elastic behaviour exceeded at or less than that demand

Stiff columns would require more reinforcing than more flexible columns to give safe performance

* 1.51% safe drift performance appeared to be expected by the Standards

—  Drift performance of 1.51% at S=5 loads
Principle of equivalent ductile displacement is basis of NZ seismic deign standards

<ss Hyland .
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BUI.MAD249.0504.66

Column Drift Capacity

Mome nt-Drift Plots for 400 mm Dlameter CTV Columnl2 to LS
6H20; R6E@250 Spiral ; 50 cover; f'c=27.5 MP3; Re=448 MPa; Rm=503 MPa
FEM drifts ad)uste dby 1/0.85 for frame effects [ Cumbia)

250

m—Nc*=350 kN
e N =550k N
v N *c =750k N
s *c =950k N

w—N*=1150 kN
e N *c=1350 kN
m—N*c=1550 kN
w—N*c=1750 kN

NMoment |kNm|

—»—Merack
X Mysteel

O Myconc

000 020 040 0.50 030 100 120 140 160 180
Drift (3¢)

e At average tested concrete strength of 27.5 MPa (Fig 159)
— Cracking at 0.10 to 0.35% drifts
 Level 2 to 4 columns North and East faces 1.15 to 1.45% drift
capacity (Table 13 and 14)
— Less than 1.51% safe drift performance expected by Standard

"

«u» Hyland

FATIGUE+EARTHQUAKE ENGINEERING



BUI.MAD249.0504.67

Column Drift Capacity

Axlal CompressionvsDrift Plots for400 mm Dlameter CTV Columnl2 to LS

6 H20; R6@250 Spiral ; 50 cover; f'c =27.5 MP3; Re=448 MPa; Rm=803 MPa {Cumbia) COIU m n fa | I U re Ilm |t

FEMdriftsadjusted by 1/0.85 for frame effects

ecu=0.004 at 1.20% drift

150
140 4
130 4

Steel yield at 0.80% drift

~sdr—Concrete ec=0.004
v Ste el Yield

080 -
w~Concrete Yield ac=0.002

Dr ift |%]

050 +
040 +

Concrete yield limit
i ] ec=0.002 at 0.60% drift

c 200 400 600 800 1000 1200 1400 1600 1800 2000 CO I u m n F/z Level 2

Axlal Comprassion [kN)
with 995 kN axial load
* At average tested concrete strength of 27.5 MPa
* Drift capacity reduces with increased axial load from vertical
acceleration
— Tablel13 for C/1 and Table 14 for F/2 axial loads and drift limits

<ss Hyland .
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BUI.MAD249.0504.68

Column Drift Capacity

Axial Compression vs Drift Plots for 400 mm Diameter CTV Columnl2 to LS
6 H20; R6@250 Spiral ; 50 cover, f'c=142 MPa; Re=448 MPz; Rm=6( MPa (Cumbia)
FEM drifts adjustad by 1/0.85 for frame effects

150

| | | [ Column failure limit
] I O D N O / ecu=0.004 at 1.05% drift

—tn before steel yields
100 ‘ //l ¢ |
_— / | | | | ‘ ~sde—Concret= ec=0.004
80 / ‘ =S tmel Yielkd
& o2 | ~ [ I | [ I ‘ w®-Concrat= Yield 2c=0.002
E .70 o 1 1
5 050 =
[ S
040 A =

oo ||| | K\ Concrete yield limit
=1 1 1 1T 1T T 1 ec=0.002 at 0.48% drift

400 600 800 1000 1200 1300 1600 1800

AxizlCompression (kN) e COIumn F/z |.€V€| 2
with 995 kN axial load

* At lower 5%ile tested concrete strength of 14.2 MPa
» Drift capacity reduces with reduced concrete strength

"
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BUI.MAD249.0504.69

NTHA Drag Bar Failure Estimates

Column F2 Level 3 Drifts - CBGS, 22 Column F2 Level 3 Drifts - CBGS, 4 September
February Lyttelton Aftershock, no masonry Darfield Earthquake, no masonry

250
N
\
~ I \ A 2
'\
{ Y A
\
\ P il \ ——N/SDrift
4:5 L Ty 150
A\l | N/SDrift
A N J \1] 1 I\ | = E/W Drift
1 '8 === '~H 17 1, 7Y E/W Drift 0 I~
[\ | | | \
f14) A ‘«‘ \ f 'l '. ’L l| | | = i | ——Resultant Drift
s RS N A ; | \ s A At J \
£ ARV ‘ /- / £ A AN\ ' / ,
a - 9 v [ % \ \ FirstDrag Bar
B00 N \ | i | $00 & S— [ \ \ 7 Disconnection
[ 1 2 3 4 5 8| 7 8 ] g q 1 ] 3 a 5 s 7\ E % 11— 003
J [
2.5 ! 050 4
100
-1.50 -150
2 2
2.5 25
Time (s} Time (z)

Drag Bar failure estimated to occur when 1% drift along Line F
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BUI.MAD249.0504.70

Compliance Checks and Collapse Drift

e Compliance Checks with Standards

— Design As-drawn :
* Non-compliant column spiral reinforcing
* Non-compliant slab diaphragm connections to North Core prior to remedial work
* Non-compliant lack of seismic separation of Spandrel Panels from columns

— As-built fitness for purpose check with defects:
* Non-compliances as above
* Non-compliant Level 3 to 6 beam connections to North Core
* Non-compliant separation of masonry infill from Line A west face
* Non-compliant masonry infill at Level 1 South Wall exit
* Drag Bars unable to sustain ULS structural response

* Assessment of Inter-storey Drift on CTV Building at Collapse
— Used tested properties and strengths

— Estimated less than 1.0% drift along East face at collapse
* Based on Drag Bar failure estimated at 1.0% prior to Drag Bar failure
* Initiating at Level 3, 4 or 5 columns
* Design standard expected 1.51% safe drift performance

e g N
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BUI.MAD249.0504.71

Concrete Columns

EE: -
8 L

58 T
g | ? —enes
ﬁg ;g

3 3@

ILE D Ty
; i | tﬁ:{ﬁ

Typical column reinforcing

(from Design Engineers drawings)

2

Cross-section Elevation

<ss Huyland for

00 o
(e grie
R0 @ 2D
(200w 200
) g
\ ) 2-H2O
1

Same reinforcing in all
main building columns
Light spiral binding R6
@ 250 centres

— Non-compliant
Rectangular columns
on Line A only

STRUCTURE SRR -

Canterbury Earthquakes Royal Commission
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BUI.MAD249.0504.72

Spandrel Panels

Column

Spandrel Panels -

(400 mm diameter) 1
I 1
v THICKS [ ALK ‘ ,_
/;H.:..Béﬂuc -~ ] - l |
= S|
I \ = — oy 0
— = R )
|
. = 1)
L ||l NN
|II m
® ol [
_ s —— —_ ]
o / I HARDIFLEX FXED
. B ARG .
O = potential contact point m - ?glta::)::sg -kguijn'fﬂ'; O B SaALED .
WITH FONSOUPRIDE. S5 A

Non-compliant : no seismic gaps specified between columns and Spandrel Panels

"
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BUI.MAD249.0504.73

Spandrel Panels and Columns

North Core on

Line F columns on Column C18
east face nOFth}%‘%
s X\ al / X,L"/
Vs 4
T~

Concrete edge Pre-cast concrete

beams Spandrel panels
between columns on
edge beams

CTV Building in May and October 1987 during construction
(viewed from northeast)

«ar H g I = nd Canterbury Earthquakes Royal Commission
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. Drawings showed

— Grouted top row of masonry at each
floor

— 25 mm gaps on sides at columns
*  Workers outside just before collapse
found
— Top rows partially grout filled

— No gaps on sides at columns on
outer face

— No obvious damage from
September eq.

e Staff inside found

— Sealant and gaps on sides at
columns

<as Huyland
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Masonry Infill Wall on West Face
Infill Masonry No side gaps at
o @ @ gap

columns

No obvia
dam\ﬁ el
Top ro
partially gre
cf drawing,

~ Workers preparing wall for cladding just
prior to Eq (CTV News) Section through wall from Drawings

for
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BUI.MAD249.0504.75

Adjacent Building

Building on
- western boundary

Level 1 Columns

CTV Building in January 1987 during construction
(viewed from southeast)
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Effect of Masonry Infill on West Wall

* Increased torsional
eccentricity

 Drifts on East face
similar to drifts on
South face

* May have reduced
demand on South Wall

fie

<as Huyland
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BUI.MAD249.0504.77

Drag Bars Added after Completion

WALL TE TO SLAB. ORID LINES D , 4I5S
LEVELS 4-&

st
CONSTRUCTION DETAILS Y [WALTIES
raz
oare

Drag Bars Level

4,5and 6 T
ﬁ: &th G-M2y chemsetce o
| aminpdater  pESgmsdiel |
&-M0 cherset-Ls 7 [ : /
(‘;‘:?\Oggﬁ{;‘, ) ¥ \ ' ",/
. . ——
Construction of building 1986-1987 "“"‘”’f:L g
Design defect found in 1990 : ?v ‘l‘ Rt
— Building could separate from North Core in an Eq. %t: conhruoes B S |
. . ) ) % Ror Borgle ’
Remedial work using Drag Bars designed in 1991 | B E
— Steel angles epoxy bolted into walls and underside of slabs Gotvm i ¥

fabrcahon

— No Drag Bars designed or installed at Level 2 or 3 '
— Unable to sustain full design response of the structure

No Building Consent application on Council files
"
T ISl gland for Department of Building and Housing
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Summary of Vulnerabilities

South Wall much weaker
and more flexible than

North C Ve |
orth Core \ ‘-i*
4 | oy

Smooth : %ﬂ!

construction " }‘

joints in South aﬂ

Wall 2l :

\ | [ |

-

—
=

. . . “_‘ = —4

No seismic separation gaps/éFFr

between columns and
Spandrel Panels

<as Huyland
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Seismic separation of
masonry infill compromised

Beam reinforcing not
1 ' connected into wall

North Core much
— A stiffer and stronger
than South Wall

Drag Bars had
limited strength

- Beam —column
o~

4 joints fragile

Some column concrete
strength tests low

Column spiral
reinforcing insufficient

78
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DEMAND

Components of demand
on columns:

PROBABLE COLLAPSE SEQUENCE

Gravity loads

East and/or south side
column failure
-at mid to highlevel

.

Horizontal seismic loads
and storey drifts

may have been

influenced by:

+ asymmetric shear walls

+ masonryinfill

« critical connections
between floors and
North Core

L 4

Internal column failure
-at mid to low level

¥

Rapid progressive collapse

Vertical seismic loads

Possible floor
diaphragm
disconnectionfrom
North Core walls

- g = -

Demand =loads or displacements acting on structure

Capacity =ability of structure to resist loads or displacements

«u» Hyland
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Collapse Scenarios

CAPACITY

Capacity of columns to
support gravity loads and to
withstand storey drifts may
have been limited by:

MNon ductile detailing
of columns and beam-
column joints

Insufficient gaps

to Spandrel Panels

Low concrete strength I

Vertical seismic loads I

Capacity to resist progressive
caollapse may have been
limited by:

Lack of redundant load
pathsand interconnection
of structural elements
for robustness




BUI.MAD249.0504.80

Collapse Initiation Scenarios

* Collapse Initiation Scenarios Examined
1. East or South face column Failure on (Line F or 1)
2. Internal column failure on Line 2 or 3

3. Internal column failure following floor slab
diaphragm disconnection at North Core

* No Drag Bars at these levels

4. Column failure following floor slab disconnection at
North Core at Levels 4,5 or 6

 Scenario 1 preferred
— (Refer p.103 t0o107)

"
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BUI.MAD249.0504.81

Likely Collapse Sequence

Loss of load carrying capacity at
column heads, leading to slumping,
load transfer to inner Line 2 and 3
columns and beam-column joint
distress

|
B

S R Founa o cana
A
L6 \| et |X| o |X| et |x [ N 1
AR
5 L |l N\ I
\
L X| o |X| — \\
13 L S IXI S IL e I& XI o IL o IL o IX
. L = |L = |L — & L = |L = |L = A
L1 X X

|
o
&

Hinging at top and bottom of columns
- no contact with Spandrel Panels

Column head damage accelerates at upper

level columns on contact with Spandrel

Panels. Possible short-column effect
hinging also at upper levels.

e East face column failure initiation

"
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Collapse possibly initiates in Level 3 or 4 due
to drift, compression loads, and interference
from Spandrel Panels. Slumping of beams

leads to load transfer to and collapse of
internal columns on Lines 2 and 3
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BUI.MAD249.0504.82

Likely Collapse Sequence

00 0 6O 606

) ¢ -

[ [ ] ]

FFEEFFF
\

* Line 2 (east to west) column failure development

"
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leely Collapse Sequence

N N
@ 2 (4) )
\ NI
Roof a
L6 4—)
Lo [ |
L5
L [ |
North
L4 Core
—
L3 —
L2
- I
%Z’,
Line 1
SSSSS
»  — @& — @

ine D Collapse Sequence

Line C to D (south to north) column failure development

<us Hyland for
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BUI.MAD249.0504.84

Why Did the CTV Building Collapse?

e Specific factors that contributed (or may have
contributed) to the collapse include:

— Severe earthquake aftershock
— Column drift capacity substandard

— Seismic gaps between columns and Spandrel Panels
substandard

— Some column concrete test strengths substandard

— Unsymmetrical layout and large strength differential
between South Wall and North Core

— Seismic separation of masonry infill on west wall
compromised

— Substandard construction joints in South Wall

"
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Likely or Possible Contributors to the
Collapse of the CTV Building

(From p.31 of the report)
*  The stronger than design-level ground shaking.
*  The low displacement-drift capacity of the columns due to:

— The low amounts of spiral reinforcing in the columns which resulted in sudden failure once concrete
strain limits were reached.

— The large proportion of cover concrete, which would have substantially reduced the capacity of
columns after crushing and spalling.

— Significantly lower than expected concrete strength in some of the critical columns.

— The effects of vertical earthquake accelerations, probably increasing the axial load demand on the
columns and reducing their capacity to sustain drift.

*  The lack of sufficient separation between the perimeter columns and the Spandrel Panels which may have
reduced the capacity of the columns to sustain the lateral building displacements.

* The planirregularity of the earthquake-resisting elements which further increased the inter-storey drifts
on the east and south faces.

* Increased displacement demands due to diaphragm (slab) separation from the North Core.

*  The plan and vertical irregularity produced by the influence of the masonry walls on the west face up to
Level 4 which further amplified the torsional response and displacement demand.

*  The limited robustness (tying together of the building) and redundancy (alternative load path) which
meant that the collapse was rapid and extensive.

e .
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S ummad ry Of Fi N d i ngs BUI.MAD249.0504.86

* The earthquake aftershock was severe but the building appears to have
collapsed at inter-storey drifts less than those expected by the Standards

A number of collapse scenarios were considered. Collapse most likely
initiated in substandard concrete columns along the east face of the
building at Levels 3, 4 or 5.

* Columns designed in accordance with the standards would have been
expected to be safe at drifts of 1.51%.

 The columns along the North and East faces of the CTV Building at Levels
2 to 4 were estimated to have drift capacities between 1.15 and 1.45%

* [t appears that these East face columns may have failed at drifts of less
than 1.0% prior to Drag Bar failure at the North Core

"
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S ummad ry Of Fi N d i ngs BUI.MAD249.0504.87

» Specific factors that contributed (or may have contributed) to the columns
failures include:

"

Columns did not have the amount of spiral confining and shear
reinforcing steel required by the design standard.

There was no specific seismic gaps between the Spandrel Panels and
the Columns

The South Wall may have begun to yield and lose stiffness at drifts as
low as of 0.40% due to structural asymmetry

Vertical accelerations may have reduced column drift capacity

Substandard construction joints in the South Wall may have slipped
and increased inter-storey drifts..

The concrete in some of the columns had test strengths less than the
minimum strength specified.

Seismic separation gaps between the Infill masonry on the west face
and the structure appear to have been compromised and may have
changed the response of the structure.

«u» Hyland for
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S ummad ry Of Fi N d i ngs BUI.MAD249.0504.88

* Critical connections of the floors to some of the North Core walls were omitted in
the original design and were only identified during a pre-purchase structural
review 3 years after construction.

— The Council did not have any record of the remedial works that were
subsequently undertaken.

— The Drag Bars installed could not sustain the ultimate design response of the
structure.

* Most of the substandard design could be identified by a normal peer review

* Most of the substandard construction could be identified by normal inspection
procedures.

* The building did not appear to have suffered significant structural damage in the 4
September 2011 Earthquake or 26 December 2010 Aftershock.

 The presentation is based on the findings of the CTV Building Collapse
Investigation Report by Hyland Fatigue + Earthquake Engineering and
StructureSmith Ltd and the Site Examination and Materials Testing Report by
Hyland for the Department of Building and Housing

« The scope of the investigation was limited to identifying technical reasons for the
collapse.

"
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