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E X E C U T I V E  S U M M A R Y  

This report covers the structural damage sustained by the Forsyth Barr Tower at 764 Colombo 
Street, Christchurch, as a result of the Darfield Earthquake that struck at 4:36am on 4th 
September, 2010. 

The statutory requirements relevant to earthquake damaged buildings are outlined and the 
general form of the building and its capacity prior to the earthquake are summarised.  As the 
building was designed and detailed to the relevant codes at the time of construction, the 
building should be considered as having the capacity to resist current code loads. 

The level of shaking experienced at the site is estimated from the Geonet strong motion data 
recorded at monitoring sites around Christchurch and is related to the fundamental periods of 
the building.  Given the strong motion data available, it is possible that the earthquake 
produced accelerations in the north-south direction in excess of the design spectra for this 
building. 

Preliminary and detailed observations have been made of the damage sustained as a result of 
the earthquake.  This report summarises the findings of these detailed observations and 
provides recommendations regarding the repair work required. 

Minor shear and flexural cracking of the concrete beams at the beam-column interface was 
observed at all levels inspected, as well as minor cracking of the floor topping slab. Columns in 
the car park level of the structure adjacent to the ramps were identified as having sustained 
cracking, and some locations in the car park levels were identified that will pose long term 
durability concerns. 

In general the structural damage sustained is considered minor and the building’s capacity 
immediately following the earthquake is not considered to have been significantly reduced.  As 
such, the damage resulting from the earthquake is not considered to pose a significant structural 
hazard in relation to occupation of the building. 

Following the repairs recommended herein, the lateral load resisting performance of the 
building should be restored, practically to the level that existed prior to the earthquake, 
approximately full code loading in today’s terms.  Repair of the consequential damage such as 
column cracking will reinstate the durability performance of the building, noting that this will 
require future maintenance with respect to regular inspection of sealants. 

This report is considered a live document and will be updated throughout the course of the 
project with the final report issued once the repairs have been completed. 
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1 .  I N T R O D U C T I O N  

Holmes Consulting Group has been engaged by 764 Colombo St Limited to complete a full 
structural review following the Darfield Earthquake. 

The earthquake of 4:36 am on 4th September has subjected the building to strong ground 
motions which are anecdotally close to the full design earthquake load for buildings of this 
nature.  Consequently it is important that a full evaluation is performed. 

1 . 1 P U RP O SE  

The purpose of this study was to: 

� review the impact of the Darfield Earthquake on the building 

� identify any significant life safety concerns 

� map typical damage around the building 

� identify those items requiring repairs or replacement 

� design and specify repairs to comply with Christchurch City Council regulations 

� provide construction monitoring for the remedial works 

The overall objective is to ensure that the building is repaired and opened for tenants in as 
timely and smooth a fashion as possible. 

1 . 2 S C O P E  OF  W O R K  

The scope of work for this project included the following:- 

� Review the structural drawings to determine the building structural systems and predict 
areas of likely damage. 

� Inspect sufficient of the building structure to be able to make a determination of the 
behaviour of the building in the earthquake, and to map damage to the structure. 

� Prepare a report detailing the proposed repairs required including extent and details.   

� Prepare documentation for the repairs, and assemble a package of information for 
submission to the CCC Building Recovery Office.  

� Assist with obtaining the Building Consent. 

� Provide Construction Monitoring for the repairs, and final sign-off on completion 
(assumed to be a PS-4). 
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1 . 3 L I M I T A T I ON S  

Findings presented as a part of this project are for the sole use of 764 Colombo St Limited, its 
insurer, and the Christchurch City Council in its evaluation of the subject property.  The 
findings are not intended for use by other parties, and may not contain sufficient information 
for the purposes of other parties or other uses.   

Our observations have been visual only and limited to representative samples, as described in 
our record of observations.  Our observations have been restricted to structural aspects only.  
Waterproofing elements, electrical and mechanical equipment, fire protection and safety 
systems, service connections, water supplies and sanitary fittings have not been inspected or 
reviewed, and secondary elements such as windows and fittings have not generally been 
reviewed.   

Our professional services are performed using a degree of care and skill normally exercised, 
under similar circumstances, by reputable consultants practicing in this field at this time.  No 
other warranty, expressed or implied, is made as to the professional advice presented in this 
report. 
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2 . S T A T U T O R Y  R E Q U I R E M E N T S  

2 . 1  B U I L D I N G A C T  

When dealing with existing buildings there are a number of relevant sections of the Building 
Act [1] that need to be considered in relation to the building’s structure and strength. 

S e c t i o n  1 1 2  -  A l t e r a t i o n s  t o  E x i s t i n g  B u i l d i n g s  

Section 112 of the Building Act requires that a building subject to an alteration 
continue to comply with the relevant provisions of the Building Code to at least the 
same extent as before the alteration. 

Essentially this section means that the building may not be made any weaker than it 
was, as a result of any alteration. 

S e c t i o n  1 1 5  –  C h a n ge  o f  U s e  

Section 115 of the Building Act requires that the territorial authority (the Christchurch 
City Council) be satisfied that the building in its new use will comply with the relevant 
sections of the building code “as nearly as is reasonably practicable” 

In relation to building earthquake strength, this section is typically interpreted by the 
Christchurch City Council as requiring earthquake strengthening to a minimum level of 
67% of that required for an equivalent new building.  

S e c t i o n  1 2 2  –  M e a n i n g  o f  E a r t h q u a k e  P r o n e  B u i l d i n g  

Section 122 of the Building Act 2004 deems a building to be earthquake prone if its 
ultimate capacity (strength) would be exceeded in a “moderate earthquake” and it 
would be likely to collapse causing injury or death, or damage to other property.  The 
associated Building Regulations 2005 define a moderate earthquake as one that would 
generate loads one-third as strong as those used to design an equivalent new building. 

S e c t i o n  1 2 4  –  P o w e r s  o f  T e r r i t o r i a l  A u t h o r i t i e s  

If a building is found to be earthquake prone, the territorial authority has the power 
under section 124 of the Building Act to require strengthening work to be carried out, 
or to close the building and prevent occupancy. 

S e c t i o n  1 3 1  –  E a r t h qu a k e  P r o n e  B u i l d i n g  P o l i c y  

Section 131 of the Building Act requires all territorial authorities to adopt a specific 
policy on dangerous, earthquake prone, and unsanitary buildings. 
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. 

2 . 2 C H R I S T C H U R C H  C I T Y  C O U N C I L  P O L I C Y  

The Christchurch City Council recently adopted (under urgency) their Earthquake-Prone, 
Dangerous and Insanitary Building Policy 2010 [2].  Amongst other things this policy has been 
amended to include a section of the repair of buildings damaged by earthquake, as follows: 

2.3.6 Buildings damaged by an earthquake 

Buildings may suffer damage in a seismic event. Applications for a building consent 
for repairs will be required to ensure structural strength. The Council will follow 
sections 2.3.1 and 2.3.3 of this Policy in determining the level of strengthening 
required for each building. 

If a building consent application for repairs is not made and/or the repair work is not 
completed within a timeframe that the Council considers reasonable the Council 
reserves the right to serve notice under section 124(1) of the Building Act 2004 to 
require the work to be done. 

Section 2.3.3 of the policy essentially requires that a building is required to be repaired to a level 
equating to 67% of current code loading.  The Council policy adopts the recent New Zealand 
Society for Earthquake Engineering (NZSEE) guidelines, “Assessment and Improvement of 
the Structural Performance of Buildings in Earthquake” [3], for defining the technical 
requirements for determining a building’s earthquake prone status.
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3 . P R E - E A R T H Q U A K E  B U I L D I N G  C O N D I T I O N  

This section discusses the form and capacity of the building prior to the Darfield Earthquake.  
A brief discussion of how similar structures have performed during past earthquakes is 
provided in Appendix A. 

3 . 1  B U I L D I N G F O R M  

The Forsyth Barr Tower was designed and constructed in the late 1980’s.  The building 
comprises seventeen floors above ground level, with the bottom three levels being car park, and 
the top floor a concrete roof. 

Seismically, the Forsyth Barr Tower consists of perimeter ductile concrete moment resisting 
frames. Internal concrete gravity frames support the floors which span from the perimeter 
concrete frames to the internal frames.   

The floors comprise precast t-beam units which are 225 deep with timber infill between with a  
75mm thick reinforced concrete topping slab over the infill.  

The building is founded on a raft type foundation with pad footings supporting some of the 
concrete columns around the buildings perimeter. 

3 . 2 P R E - E A R T HQ U A K E  BU I L D I N G  C A P A C I T Y  

The Forsyth Barr Tower was designed to predecessor standards of the current NZ Building 
Code, comprising principally NZS4203:1984 [4] (loadings) and probably DZ3101:1979 
(concrete). 

The loadings standard, NZS4203 has now been replaced by NZS1170.5:2004 [5].  A 
comparison of the load levels represented by these two standards is plotted below and shows 
that the seismic design load has been reduced with the introduction of the new loadings 
standard.  Therefore, the Forsyth Barr Tower is considered to have a capacity in excess of 
current code levels. 
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Comparison of NZS4203:1984, NZS4203:1992 and 
NZS1170.5:2004
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Figure 3-1: Compar ison of Des ign Codes 
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4 . E A R T H Q U A K E  E V A L U A T I O N  

 

4 . 1 E A R T H QU A K E  S HA K I N G  E X P E R I E N C E D  A T  T H E  S I T E  

The Geonet Project, run by EQC and GNS Science, maintains the New Zealand National 
Seismograph Network which consists of a series of strong motion seismometers set up around 
New Zealand.  The following image shows the location of the four closest monitoring stations 
to the building. 

 
Figure 4-1: Locat ion of Nearby Moni tor ing Stat ions 

The strong motion shaking data resulting from the initial main shock at 4:36am on the 4th 
September has been downloaded from these monitoring stations and processed to obtain 
acceleration response spectra (a response spectra essentially defines the peak response for a 
building subjected to the ground shaking, as a function of its fundamental period). 

The following graphs plot the acceleration response spectra processed from the Geonet 
monitoring stations, as well as the elastic design spectra (NZS1170) for a new building 
constructed on the site.  For reference the fundamental period of the building has been plotted 
on the graphs of the North-South and West-East directions respectively. 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.32



 

N:\105448.01\WP\105448.01 BORP R1.doc 4-2 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Period (Seconds)

A
cc

el
er

at
io

n 
(g

)

Christchurch Botanic Gardens S01W
Christchurch Hospital N01W
Christchurch Resthaven N02E
Christchurch Cathedral College N26W
NZS1170 Spectra, Z=0.22, Soil Class D, IL2, ULS
Building Fundamental Period N-S

 
Figure 4-2: 5% Damped Spectra – North-South 
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Figure 4-3: 5% Damped Spectra – East-West  
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It is apparent that in the North-South direction, there is significant variation in the shaking 
experienced at the different monitoring sites, particularly in the 2 second to 3 second period 
range.  This is due to the highly variable ground conditions around Christchurch. 

Previous analyses of the Forsyth Barr Tower have determined the buildings fundamental 
periods to be between 2.0 and 2.2 seconds for the primary directions.  Based on the strong 
motion data downloaded, it is possible that the earthquake produced accelerations in the north-
south direction significantly in excess of the design spectra for this building. 

However it should also be noted that this earthquake was relatively short in terms of the strong 
shaking produced.  The following plot of the earthquake record from the Christchurch 
Resthaven monitoring station at 4:36am on 4th September shows that the strong motion only 
lasted for a duration of approximately 10-15 seconds.   
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Figure 4-4: Ear thquake Record from Chr is tchurch Resthaven Si te 

Because of this the building has only gone through a limited number of inelastic cycles.  A full 
design earthquake for Christchurch (eg rupture of the Alpine Fault) is expected to have a 
significantly longer record of strong shaking, resulting in increased damage to buildings.  As an 
indication, a large (design level) earthquake in Christchurch is expected to contain in excess of 
60 seconds of strong motion. 

Due to the highly variable ground conditions around Christchurch, it is impossible to determine 
what the actual shaking experienced at the site was.  However, based on the data described 
above it is possible that the shaking experienced by the building could have exceeded the 
current code design spectra for the building. 

4 . 2 P R E L I M I N A R Y  I N V E S T I G A T I O N S  

Preliminary investigations have been undertaken to ascertain areas of the building likely to be 
subject to damage, and therefore requiring specific attention during the detailed assessment.  
The areas identified for detailed inspection have been selected based on; 
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� typical damage expected for buildings of this form  

� a review of the original structural drawings [6] 

� damage observed during an initial walk around 

A description of typical damage expected for buildings of various construction types and 
periods is attached in Appendix A. 

In conjunction with a review of the structural drawings and previous analysis work associated 
with this building the following areas were identified for potential damage;  

� flexural cracking of the concrete frames, particularly plastic hinging at the beam-
column joint 

� cracking of the floor slabs between the internal and perimeter beams due to the nature 
of their geometry 

� damage to the upper car park ramps due to movement at seismic joints 

Preliminary observations were carried out on 1st November 2010.  These identified the 
following primary areas of damage; 

� minor flexural cracking to the concrete beams at the beam-column joint within the car 
park.  

� minor cracking of the car park floor slab. Cracking was regular at centres of either 
900mm or 1800mm and was judged to be shrinkage cracking to the topping slab at the 
location of the concrete ‘T’ floor beams. 

� cracking of columns adjacent to seismic gaps of the ramps and also adjacent to 
concrete beam in the car park 

� some durability issues in the car park levels due to cracking around curbs and in the 
upper level car park slab 

� cracking in bulkheads and linings in the upper levels at the location of beam-column 
joints indicating movement had occurred in these areas 

In general, the building appears to have behaved well after the earthquake event, with only 
minor damage to the concrete frames and floor slabs noted. 

4 . 3 D E T A I L E D  O B S E R V A T I O N S  

Based on our preliminary investigations, the following schedule of inspections was developed 
to complete a detailed structural assessment of the building. 

 

Table 4-1: Detai led Inspect ion Schedule 

Inspection Schedule 

1. Concrete frames 

1.1. The beam-column joints of the concrete frames were inspected at various locations on 
levels 1,2,3, 9, 13 and 17 to determine how the frames performed over the height of 
the structure 

2. Concrete Floors  

2.1. Concrete floors were inspected at levels 1, 2, 3, 9 and 13 in areas where it was 
anticipated the most damage to the floors would be located 
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Inspection Schedule 

3. Car Park Levels 

        (Levels 1-3) 

In addition to inspection of the frames and floors stated above, the following items were 
also inspected: 

3.1. Structure adjacent to the seismic joint of the ramps to determine how the joint 
performed and if any damage was sustained by the surrounding structure 

3.2. Beam to beam joints and additional columns which were terminated at the final level 
of the car park structure to ensure that no damage was sustained to additional podium 
structure  

3.3. The base of the columns were inspected at level 3 to ensure no plastic hinging had 
occurred at the high stress areas linking the larger and stiffer carpark levels with the 
tower superstructure over 

4. Additional inspections of floors as requested 

4.1. Inspections of “uneven” floors noted at levels 7 and 9 were also performed to 
determine if the flooring in these areas had been affected after the earthquake 

 
The detailed structural observations were completed on 2nd & 3rd November 2010.  A full 
record of these observations is attached in Appendix B, with reference plans describing the 
location labelling used found in Appendix C.  A full photographic record of the observations is 
available electronically on request. 

4 . 4 S U M M A R Y  O F  B U I L D I N G  D A M A G E  

The following is a summary of our observations of the Forsyth Barr Tower, and our 
conclusions as to its condition and seismic load resisting capacity. 

For the main tower over level 3, minor flexural cracking was observed in the beams at the beam 
column joints.  Minor cracking in the floor topping was observed at the levels inspected 
adjacent to the concrete frames.   

Some cracking to the car park structure was observed and will require repair, particularly 
relating to column elements near the ramps. Cracking was also noted at beam to beam joints in 
the car park level and also cracking at the balustrade fixings in the car park which will require 
repair works. 

The following table provides a photographic summary of the primary damage observed. 
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Table 4-2: Photographic Summary of  Pr imary Damage Observed 

Damaged Item Example 

1. Minor flexural cracking was observed 
in the concrete beams at the beam-
column joints on all floors inspected 
(cracking shown in example 
photograph highlighted by permanent 
marker). All cracks measured were 
less than 0.2mm. 

 
2. Cracking to slab adjacent to concrete 

frames for levels 9 and 13 (cracking 
shown in example photograph 
highlighted by permanent marker). 
Cracks measured were less than 
0.2mm and required no repair. 

 
3. Cracking to columns within car park 

levels 
 

3.1. Column on grid K between 
grids 13 and 14 had cracks 
measuring up to 0.5mm at the 
base of the column at the 
location of the seismic joint.  

 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.37



 

N:\105448.01\WP\105448.01 BORP R1.doc 4-7 

Damaged Item Example 

3.2. Column on grid M between grid 
13 and 14 had cracks measuring 
up to 0.8mm. 

 
4. Other items specific to car park levels 

(Levels 1-3) 
 

4.1. Minor cracking and spalling was 
observed at the beam to beam 
joint on grid M/13. Staining due 
to water leaching through the 
joint was observed. 

 
4.2. Cracking in the curb at the 

location of the balustrade fixing 
to the car park level slabs was 
observed. Some rust staining to 
the bolts and cleat plate was 
observed, both above the slab as 
shown in the example 
photograph and also to the 
cleats and bolts fixing the 
balustrade to the underside of 
the slab.  
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Damaged Item Example 

5. Inspection of Level 7 and 9 floors as 
requested 

 

5.1. The infill slab over the previous 
stair void sustained only minor 
cracking in one corner of the 
infill slab. The cracks measured 
were less than 0.2mm in width. 
The example photograph shows 
the joint between the infill and 
main level 7 slab. 

 
5.2. The floor topping over the main 

floor slab causing the uneven 
floor at level 9 showed no signs 
of damage. 

 
6. Cracking had occurred to the 

masonry wall at the entry to the car 
park. The steel beam shown supports 
the ramp between levels 1 and 2. At 
the time of the inspection, it was 
unable to be determined if the wall 
was load bearing or if the beam was 
fixed to the concrete beam or column 
shown in the photograph. 
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5 . R E M E D I A T I O N  

5 . 1 R E P A I R S  RE Q U I R E D  

Based on our detailed structural assessment, we have identified the following repairs that are 
required.  These are based on repairing damage caused by the earthquake as well as complying 
with the CCC regulations requiring buildings being repaired to have capacity in excess of 67% 
of current code. 

Drawings containing specific details of the repairs are attached in Appendix D, with the repair 
Specification attached in Appendix E. 

 

Table 5-1: Repairs  Required 

Damaged Item Recommendation Sketch 
reference 

1. Minor cracking to the beam at 
the beam-column joint at all 
floors inspected 

No repair required as all cracks 
measured less than 0.2mm 

No Repair 
Required 

2. Cracking to the slabs adjacent 
to the concrete frames for 
levels 9 and 13 

No repair required as all cracks 
measured were less than 0.2mm

No Repair 
Required 

3. Cracking to various columns 
within car park levels 

  

3.1. Cracking to the column 
on grid K between grids 
13 and 14 at the location 
of the seismic joint 

Epoxy inject cracks greater than 
0.2mm 

Specification 

3.2. Cracking to the column 
on grid M between grids 
13 and 14  

Epoxy inject cracks greater than 
0.2mm 

Specification 

4. Other items specific to car 
park levels 

  

4.1. Cracking and spalling at 
the beam to beam joint 
on grid M/13 

Clean the surface of beams to 
remove staining. 

Breakout any areas of spalling 
and clean the face of the 
concrete. Reinstate concrete 

Specification 
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Damaged Item Recommendation Sketch 
reference 

with repair mortar.  

Epoxy inject cracks greater than 
0.2mm. 

Seal the joint using a mastic 
sealant or topping at level above 
to prevent further moisture 
penetration into the joint. 

4.2. Cracking in the curb at 
the location of the 
balustrade fixings 

Repair in accordance with detail 
by removing existing cleats and 
bolts, repairing cracked and 
spalled concrete, and then fix 
the spandrel to the RHS post 
using the angle bracket as 
specified. 

Detail D01 

5. Inspection of floors at Level 7 
and 9 as requested 

  

5.1. Joint between the infill 
slab over the previous 
stair void penetration 
and the main level 7 slab 

No repair required as all cracks 
measured less than 0.2mm 

No Repair 
Required 

5.2. Topping slab causing 
uneven floor at level 9 

No cracking found and as such 
no repair required 

No Repair 
Required 

6. Cracking to the masonry wall 
at the entry to the car park 
around the steel support beam

Remove blockwork adjacent to 
the steel beam to allow 
inspection of the connection 
and to determine how the steel 
beam is supported. Contact 
Holmes Consulting Group to 
arrange an inspection. 

NOTE: Do NOT remove the 
blockwork directly beneath the 
beam unless propping to the 
beam is installed at the wall 
prior to removal. 

Remove 
blockwork 
and arrange 
further 
inspection 

 
It should be noted that more damage may be identified during the repair works and (if 
required) additional repair details will be specified accordingly. 

5 . 2 P O S T - E A R T H Q U A K E  B U I L D I N G  C A P A C I T Y  

In its damaged state following the earthquake, we do not consider the Forsyth Barr Tower to 
have any reduction in gravity load resistance.  The overall lateral load resisting capacity of the 
building has not been significantly affected, although repairs are required as outlined above.  In 
summary, we do not consider the damage resulting from the earthquake to pose a significant 
structural hazard in relation to occupation of the building. 

Following the recommended repair of the structural damage, the lateral load resisting 
performance of the structure should be restored.  The building is expected to be slightly more 
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flexible than previously, but its overall capacity will be unchanged following the repairs outlined 
above and should be considered in excess of 67% current code. 

Following the recommended repair of the consequential damage to the gravity system and 
repair of the durability concerns outlined above, the durability performance of the structure 
should be restored.  However this should continue to be monitored throughout the life of the 
building to ensure that the sealants are maintained to prevent moisture penetration and that any 
future cracking is repaired.
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 1 .   P O S T - E A R T H Q U A K E  D A M A G E  R E P A I R  

1 . 1           P R E L I M I N A R Y  

Refer to the Preliminary and General Clauses of this Specification and to the General 
Conditions of Contract which are equally binding on all trades.  This section of the 
Specification shall be read in conjunction with all other sections. 

1 . 2  S C O P E  

This Section consists of:- 

1. Damage surveys. 
2. Repair of cracks in reinforced concrete and blockwork. 
3. Repair of concrete spalling. 

1 . 3  R E L A T E D  D O C U M E N T S  

In this section of the Specification reference is made to the latest revisions of the following 
documents: 

 The New Zealand Building Code  (BIA) 

NZS 3103:1991 Specification for sands for mortars and plasters  (SCNZ) 

NZS 3104:2003 Specification for Concrete Production  (SCNZ) 

NZS 3109:1997 Specification for Concrete Construction  (SCNZ) 

NZS 3112.4:1986 Methods of test for concrete  (SCNZ) 
 Tests relating to grout 

NZS 3121:1986 Specification for water and aggregate for concrete (SANZ) 

NZS 4210:2001 Code of Practice for Masonry (SANZ) 
Construction: Materials and Workmanship 

BS 890:1995 Specification for Building Limes           (BS EN) 

NZSEE Assessment & Improvement of the Structural 
 Performance of Buildings in Earthquakes.  (NZSEE) 

ASTM E488-90  Standard Test Methods for Strength of Anchors 
         In Concrete and Masonry Elements.  (ASTM) 
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1 . 4  Q U A L I T Y  A S S U R A N C E  

1 . 4 . 1   G e n e r a l  

It is the Contractor's responsibility to ensure that all work associated with this part of the 
contract is performed in accordance with the plans and specifications.  

The Contractor's quality assurance procedures should encompass, but are not limited to, the 
following items: 

1. Photographic record of damage observed 
2. Recording of repairs completed 
3. Mixing of epoxy/mortar/grout. 
4. Substrate surface preparation. 
5. Application of repair systems. 
6. Anchor hole location and embedment depth. 
7. Anchor and reinforcing steel placement. 
8. Testing frequency and reporting. 

The Contractor shall advise the Engineer in writing of the name of a suitably qualified and 
experienced representative to be responsible for ensuring that quality assurance procedures 
are being followed, prior to commencement on site. 

Masonry shall be erected only under the direction of a Registered Mason specialising in the 
laying of masonry units.  Before work commences on site, the Contractor shall advise the 
Engineer, in writing, the name of the Registered Mason who will be responsible for the 
masonry construction.   

From time to time the Engineer may elect to audit the quality records.  They shall be kept 
up to date and be made available for audit by the Engineer at all times during the 
construction of this project. 

If so instructed, the Contractor shall forward copies of all or part of the records to the 
Engineer. 

1 . 4 . 2  I n s p e c t i o n  
 
The Engineer will review construction.  Prior to grouting of anchor holes, the Engineer or 
his representative shall be notified and a reasonable opportunity given him to inspect 
prepared anchor holes. 
 
Where necessary, the Engineer's instructions shall be carried out before grouting 
commences. 

 

1 . 4 . 3  P r o d u c e r  S t a t e m e n t  –  C o n s t r u c t i o n  ( P S 3 )   

When the works are sufficiently complete that they are ready for application to the 
Territorial Authority for a Code Compliance Certificate, or otherwise at key handover dates 
for particular sections of the works, the nominated representative responsible for the quality 
assurance procedures for the Damage Repair will be required to certify to the main 
Contractor that all Damage Repair work has been carried out in full accordance with all 
Contract Documents and Contract Instructions in the form of a Producer Statement - 
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Construction.  This statement will be required to be completed prior to the issue of the 
Producer Statement – Construction Review by the Engineer for the whole or sections of the 
works as appropriate. 

No Practical Completion Certificate shall be issued until such time as all the Producer 
Statements for the relevant section of the works have been received. 

Refer to the Appendix for additional explanation and a sample of the form of these 
Statements. 

1 . 4 . 4  T e s t i n g  

The Contractor shall provide evidence of material compliance with the required testing as 
defined in this section of the Specification. 

Measurements of materials used shall be recorded daily.  

Allow an additional provisional sum of $1000 for additional random testing, to be 
instructed at the Engineer's discretion. 

1 . 5  S A F E T Y  

The Contractor shall conform fully both on and off site with the provisions of the New 
Zealand Building Code in all matters related to construction safety, in particular with 
approved documents F1 (Hazardous Agents on Site), F2 (Hazardous Building Materials), F4 
(Safety from Falling) and F5 (Construction and Demolition Hazards). 

1 . 6  M A T E R I A L S  A N D  W O R K M A N S H I P  

1 . 6 . 1  M a t e r i a l s  

The Contractor shall adhere to all requirements of NZS 3104, NZS 3109 and NZS 4210, 
except where specified otherwise herein or instructed otherwise by the Engineer.  A copy of 
this standard shall be kept on the site and relevant parts read with the following Clauses of 
this Specification. 

Materials to be used in conjunction with brick or stone masonry shall be selected to 
minimise the effects of effloresence. 

The Engineer may approve equivalent products that satisfy all of the requirements and 
show equality to the systems specified herein.  Approval for the equivalent system shall be 
sought prior to submission of tender, refer also to the Submittals section below 

1 . 6 . 2   W o r k m a n s h i p  

All work shall be carried out by licensed applicators of the material manufacturer’s.   

Undertake all preparatory work necessary prior to application of the specified system to 
ensure proper bond and clean, true surfaces in the finished work. 

All materials shall be mixed and applied in accordance with best trade practice and applied 
by skilled applicators to the manufacturer's recommendations. 
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All adjoining work shall be adequately protected during mixing and application and utmost 
care shall be taken not to damage surrounding fixtures and fittings.  All damage consequent 
upon this operation shall be completely made good. 

Remove debris at regular intervals and leave the completed work free from defects of all 
kinds. 

1 . 6 . 3 C o m p l e t i o n  

 Clean all adjoining surfaces and fittings of any paint contamination.  Replace all hardware 
without damage to it or the adjoining surface.  Take away from the site all painting 
materials, equipment and rubbish leaving the surrounding area clean, tidy and undamaged. 

1 . 7  D A M A G E  S U R V E Y S  

We have undertaken an initial assessment that has identified general forms of damage and 
repairs required.  We have not been able to expose all critical elements for observation, nor 
have we conducted a detailed survey identifying each individual crack.  At the request of the 
engineer the Contractor shall expose areas of the structure, in order to enable detailed 
observations to be made of critical areas. 

The Drawings provide specific details of the primary structural repairs required.  Repairs of 
more minor damage (such as cracking and spalling of concrete) shall be undertaken by the 
Contractor in accordance with this Specification, under the direction of the Engineer. 

1 . 7 . 1  C r a c k  D a m a g e  

The Contractor shall identify cracks to be repaired following the methodologies outlined in 
the following sections of this Specification.  Following preparation but prior to epoxy 
injection or grouting, the Contractor shall contact the Engineer to arrange an inspection of 
the area to be repaired. 

Cracks are to be repaired in the following elements:- 

1. Perimeter beams 

2. Exterior columns 

3. Core walls and spandrels 

4. Floor topping 

5. Stairs 

Records should be kept of repaired cracks and should include details of:- 

1. Location 

2. Crack width 

3. Crack length 

4. Volume of material (epoxy/grout) used 

1 . 7 . 2  S p a l l i n g  D a m a g e  

The Contractor shall identify areas of spalled concrete to be repaired following the 
methodologies outlined in the following sections of this Specification.  Following 
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preparation but prior to application of the repair mortar, the Contractor shall contact the 
Engineer to arrange an inspection of the area to be repaired. 

Spalled concrete is to be repaired on the following elements:- 

1. Perimeter beams 

2. Exterior columns 

3. Stairs 

4. Seismic joints 

Records should be kept of repaired spalling and should include details of:- 

1. Location 

2. Approximate spalled area 

3. Volume of material (repair mortar) used 

1 . 7 . 3  V e r t i c a l i t y  S u r v e y  

The Contractor shall undertake a verticality survey of the building.  The verticality survey 
shall ascertain whether there is any residual displacement or twist of the building.  The 
Contractor shall submit their proposed methodology to the Engineer for approval prior to 
undertaking the survey. 

1 . 8  R E P A I R  O F  C R A C K S  I N  R E I N F O R C E D  C O N C R E T E  A N D  B L O C K W O R K  

The following sections of the Specification detail the procedures to be followed when 
repairing cracks in reinforced concrete and reinforced concrete blockwork. 

Cracks less than 0.2mm wide are considered to be superficial and do not require specific 
structural repair. 

1 . 8 . 1   R e p a i r  o f  H a i r l i n e  C r a c k s  ( <  2 m m )  

Where possible at the direction of the Engineer, cracks between 0.2mm and 2mm shall be 
repaired by injection of epoxy resin. 

Where access to seal around the element being repaired is possible, repair the crack using a 
low viscosity epoxy resin such as Sikadur Injectokit – LV or Sikadur 52. 

Where access is not possible to prevent grout loss, repair the crack with a thixotropic epoxy 
resin such as Sikadur Injectokit – TH. 

Seal and prepare the surface being repaired and inject the epoxy resin in accordance with the 
manufacturers instructions. 

Alternative products of equivalent properties may be acceptable but must be submitted to 
the Engineer for approval at the time of tender. 

1 . 8 . 2   R e p a i r  o f  L a r g e  C r a c k s  ( <  5 m m )  

Where possible at the direction of the Engineer, cracks between 2mm and 5mm shall be 
repaired by injection of Sikadur 52. 
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 Seal and prepare the surface being repaired and inject the epoxy resin in accordance with 
the manufacturers instructions. 

Alternative products of equivalent properties may be acceptable but must be submitted to 
the Engineer for approval at the time of tender. 

1 . 8 . 3   R e p a i r  o f  V e r y  L a r g e  C r a c k s  ( >  5 m m )  

Advise the Engineer of any cracks larger than 5mm in width. 

If the Engineer does not require any specific repair detail, cracks larger than 5mm shall be 
repaired by injection of Sikadur 42 / Sika Grout 212. 

 Seal and prepare the surface being repaired and inject the epoxy resin / cementicious grout 
in accordance with the manufacturers instructions. 

Alternative products of equivalent properties may be acceptable but must be submitted to 
the Engineer for approval at the time of tender. 

1 . 9  R E P A I R  O F  C O N C R E T E  S P A L L I N G  

The following sections of the Specification detail the procedures to be followed when 
repairing spalled concrete. 

1 . 9 . 1  R e p a i r  o f  S h a l l o w  S p a l l i n g  ( < 4 0 m m  t h i c k )  

At the direction of the Engineer break back to sound concrete.  The depth of breakout on 
the edge of any repair area shall be a minimum of 10 mm and feather edges will not be 
accepted. To achieve this, the perimeter of the area to be repaired shall first be cut to a 
depth of 10 mm using a suitable tool.   

Clean any exposed reinforcing using a wire brush.  Prepare the exposed concrete surface 
and reinforcing in accordance with the manufacturers instructions, applying a primer such 
as Sika Monotop Primer as required.   

Build up the required concrete profile using a high strength repair mortar, such as Sika 
Monotop Structural Mortar, and finish in accordance with the manufacturers instructions. 

Alternative products of equivalent properties may be acceptable but must be submitted to 
the Engineer for approval at the time of tender. 

1 . 9 . 2  R e p a i r  o f  M o d e r a t e  S p a l l i n g  ( < 8 0 m m  t h i c k )  

At the direction of the Engineer break back to sound concrete.  The depth of breakout on 
the edge of any repair area shall be a minimum of 10 mm and feather edges will not be 
accepted. To achieve this, the perimeter of the area to be repaired shall first be cut to a 
depth of 10 mm using a suitable tool. 

Clean any exposed reinforcing using a wire brush.  Prepare the exposed concrete surface 
and reinforcing in accordance with the manufacturers instructions, applying a primer such 
as Sika Monotop Primer as required.   

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.72



Forsyth Barr Detailed Earthquake Review  105448.01 POST EQ DAMAGE 
REPAIR.SPE Revision 1  

Structural Specification POST EARTHQUAKE DAMAGE REPAIR Construction 
Holmes Consulting Group Page  7 19 November 2010 
 

Build up the required concrete profile using a high build repair mortar, such as Sika 
Monotop High Build Mortar, and finish in accordance with the manufacturers instructions. 

Alternative products of equivalent properties may be acceptable but must be submitted to 
the Engineer for approval at the time of tender. 

1 . 9 . 3  R e p a i r  o f  D e e p  S p a l l i n g  ( > 8 0 m m  t h i c k )  

At the direction of the Engineer break back to sound concrete.  The depth of breakout on 
the edge of any repair area shall be a minimum of 10 mm and feather edges will not be 
accepted. To achieve this, the perimeter of the area to be repaired shall first be cut to a 
depth of 10 mm using a suitable tool. 

Clean any exposed reinforcing using a wire brush.  Prepare the exposed concrete surface 
and reinforcing in accordance with the manufacturers instructions.   

Box and pour to the required concrete profile using a flowable repair mortar, such as Sika 
Monotop Microconcrete, and finish in accordance with the manufacturers instructions. 

Alternative products of equivalent properties may be acceptable but must be submitted to 
the Engineer for approval at the time of tender. 

1 . 1 0  C O O R D I N A T I O N  

The Contractor shall coordinate all associated trades so as to ensure the correct finished 
relationship, both as to dimensions, details, and finishes, between concrete repair work and 
all other trades, in particular finishing trades who will be working in the same areas. 

1 . 1 1  S U B M I T T A L S  

The Contractor shall supply the following documentation for review, at least 10 days prior 
to installation of the system: 

A complete list of proposed materials for the system, including the following areas and 
clearly identifying any proposed variances from this specification: 

1. Repair product 

2. Primer / filler 

3. Fire resistant coating 

4. Protective coating 

The individual component materials proposed for the system must be confirmed by the 
manufacturers to be mutually compatible. 

The manufacturer must be able to demonstrate compliance with the Materials section of 
this specification above.   

The manufacturer must also be able to provide supporting evidence of adequate testing of 
the performance of the proposed system, to the satisfaction of the Engineer. 
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A complete methodology shall be provided for the system, addressing the following areas 
and clearly identifying any proposed variances from this specification: 

1. Substrate surface preparation  

2. Mixing of epoxy / grout 

3. Application method 

4. Curing method 

5. Testing of samples 
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Site Report 
31st March 2011 
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Preliminary Structural Review 
13th April 2011 
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A2.6 Site Visit 14th September 2011 
On 14th September 2011, we were able to gain access by external crane to the upper floors of the 
Forsyth Barr building.  We were able to visit the stair landings on Levels 14, 15 and 16, and observe 
the seismic gaps at the lower landings of the stair units remaining. 

Refer to Figure A2.6.8 for stair nomenclature. 

We were able to confirm that the following units were still in place: 

 North-west side : from Level 14 upwards 

 South-east side : from Level 15 upwards 

At each floor, there were measurements of the gaps written on the floor by USAR over a number of 
days after the 22nd February earthquake, and these were also recorded at each floor on a sheet 
taped to a wall. 

At all seismic gaps there was evidence of movement sufficient to split the floor covering (which may 
have also been damaged by USAR investigations). 

We undertook further measurements of the gaps and of relative movement between the stair units 
and the side walls close to the landings (limited by safety considerations).  Where practical, we 
exposed the gaps to observe their contents.  We were looking for evidence that the gaps had been 
formed as specified on the drawings, and whether there might have been any other obstructions 
potentially reducing the effective width of the gaps. 

We observed the following: 

 Level 14, north-west unit: the seismic gap in the south-west landing was measured to be 57 mm.  
The movement of the flight, relative to the north-west stairwell wall, was measured to be 30 mm 
vertically and 22 mm horizontal.  There was rubble in the gap. 

 Level 15, north-west unit, south-west landing.  There was a large diagonal crack along the lower 
landing (this had been reported by others so was not a surprise) (Figure A2.6.1).  The crack 
width was measured to be 40 mm wide at its widest part.  The gap was measured to be 100 mm 
wide at the slab surface, and the drop of the stair flight at the location of the lower stair tread was 
measured to be 40 mm vertically. 23 mm of the back, top edge of the landing appeared to have 
been removed during construction. 

 Level 15, south-east unit, north-east landing:  The seismic gap was measured to be 55 mm.  The 
drop in the stair flight was measured to be a maximum of 40 mm vertically. 

 Level 16, north-west unit:  the unit appeared to have been seated on two small steel spacer 
plates sitting on the steel channel.  We could slide these plates horizontally – indicating that the 
unit was now being supported elsewhere – possibly on the thin (approximately 2 mm) layer of 
latence/mortar present on the top flange of the channel.  Approximately 27 mm of the upper 
edge of the unit’s bottom landing above the seat was not present to a depth of 120 mm.   The 
concrete vertical face of the edge had a finish consistent with having been formed by a rotating 
saw/grinder.  The top of the steel-angle toe was exposed, and the current seismic gap at the toe 
was approximately 30 mm.  The current displacement of the first step relative to the north-west 
wall was 19 mm horizontally away from the gap, and 30 mm downwards.  Some nails, a nail-gun 
cartridge, wood shavings and mortar fragments were present in the gap.  No flexible gap-filling 
rod or similar was present in place or nearby, but this may have been removed and discarded by 
USAR.  There was a significant horizontal crack (> 2 mm) visible along the exposed end of the 
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unit’s landing. See photographs in Figures A2.6.4 and A2.6.5, and Figure A2.6.6 
(measurements). 

 Level 16, south-east unit:  The gap in the north-west landing was filled with a full-depth piece of 
polystyrene sheet which was measured on removal to be 20 mm thick.  See Figures A2.6.2 and 
A2.6.3. The stair-unit side of the sheet had a sheet of black polythene stuck to it.  When 
removed, the polystyrene had a loose fit in the gap. We took the polystyrene away for possible 
testing.  The current displacement of the first step relative to the south-east wall was 8 mm 
horizontally away from the gap, and 10 mm downwards.  We measured the gap as 33 mm, 
compared to measurements recorded by others of 1¼” (32 mm) and 35 mm on 1st March and 
19th March, respectively. 

 Level 17, north-west unit:  Looking at the underside from the Level 16 south-west landing, we 
could see significant full-width cracks corresponding to where the landing meets the first step 
(see Figure A2.6.7). 

 Balance of landings:  There was evidence that a 30 mm diameter compressible foam rod had 
been present in the upper region of the seismic gaps, and covered by a thin layer of mortar to 
give a smooth surface for the vinyl-type floor covering.  The mortar had generally fragmented 
and fallen into the gap.  A sample of the foam rod was taken away for possible testing.  Pieces of 
a smaller diameter foam rod were also present – possibly used to seal the sides of the landing.  
On one upper landing, a 1 mm crack was observed extending from the seismic gap of the 
adjacent unit across the construction joint between the unit and the floor. 

We did not gain access to floor levels above Level 16 or below Level 14. 

We note that some of the current stair positions appear to vary from those recorded on 14th March 
2011 by Hyland. 

On the accessed floors, we were able to have an only cursory inspection of the building structure as 
much of it is hidden behind furnishings.  We were therefore unable to confirm whether or not the 
building structure has been damaged to the extent predicted by our analyses. 

In our opinion: 

 The seismic gaps in the stairs could have been as little as 11 mm prior to the 4th September 
2010 earthquake (compared to the 30 mm specified). 

 The construction of the gaps on Levels 14, 15 and 16 was not carried out in a consistent manner 
from floor to floor. 

 The steel spacers used between the underside of the stair unit and the lower seat were not 
detrimental to the stair performance.  

 Some lower landings of the stair units were partially shortened during installation in order to 
express the specified gap at the floor surface.   

 Construction debris was present in some of the gaps, and would have lessened the effective gap 
to some, but indeterminate, extent.  

We conclude that this site visit has confirmed our previous opinions as to why the stairs were both 
damaged in the 4th September 2010 earthquake and collapsed in the 22nd February earthquake. 

Our observations reinforce our recommendations in the body of our report. 
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Figure A2.6.1:  Level 15 North-West Unit, South-West Landing, Gap with 23 mm Removed off Unit 

 

Figure A2.6.2:  Level 16, North-East Landing, South-East Unit, Seismic Gap with 20 mm 
Polystyrene Sheet Infill 
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Figure A2.6.3:  Level 16, North-East Landing, South-East Unit, Seismic Gap with 20 mm 
Polystyrene Sheet Infill Removed 

 

Figure A2.6.4:  Level 16, South-West Lobby, North-West Unit, Seismic Gap with Stepped Landing 
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Figure A2.6.5:  Level 16 : North-West Unit, South-West Landing – Relative 
Movement between Stair and North-West Wall (19 mm horizontally, 30 mm 
vertically) 

 

Figure A2.6.6:  Level 16, South-West Lobby, North-West Unit, Seismic Gap Measurements 
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Figure A2.6.7:  Level 16, South West Lobby, Looking up at Underside of North-West Unit Showing 
Cracking 

 

 

Figure A2.6.8:  Stairs, Landings and Seismic Gaps Locations 
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A3 Str uctural Analyses 

A3.1 Introduction 

This Appendix summarises the structural analyses that have been carried out. 

Included are: 

 Modal analyses of the building model. 

 Time-history analyses of the building model to determine the inter-storey drifts. 

 Elastic analyses of the stair flights. 

 Non-linear analyses of the stair flights. 

The analyses reported below have been carried out on the proprietary computer software package  
SAP2000 V14.2.3. 

A3.2 3D Building Model – Elastic Modal Analysis 

A 3D elastic model of the Forsyth Barr Building was prepared. 

Results of a modal analysis of this model are presented in Figure A3.1 and Tables A3.1 (fixed base) 
and A3.2 (soil springs included).  

 

   

Mode 1 : T=1.91 s Mode 2 : T=1.69 s  Mode 3 : T=1.16 s 

Figure A3.1 : First Three Mode Shapes of the Building Model 
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Table A3.1 : Mode Shapes and Mass Distribution – Fixed Base 

  Effective Mass Cumulative Mass 

Mode Period (s) X Y RZ X Y RZ 

1 1.91 30% 35% 0% 30% 35% 0% 

2 1.69 35% 30% 37% 64% 66% 38% 

3 1.16 0% 0% 23% 64% 66% 61% 

4 0.70 9% 12% 1% 73% 78% 62% 

5 0.63 11% 8% 12% 84% 85% 73% 

6 0.51 0% 0% 11% 84% 86% 84% 

 

Table A3.2: Mode Shapes and Mass Distribution – Vertical Soil Springs 

  Effective Mass Cumulative Mass 

Mode Period (s) X Y RZ X Y RZ 

1 2.38 30% 36% 0% 30% 36% 0% 

2 1.96 35% 31% 38% 66% 67% 39% 

3 1.25 0% 0% 24% 66% 67% 63% 

4 0.72 9% 12% 1% 75% 79% 64% 

5 0.63 10% 8% 12% 85% 87% 76% 

6 0.53 0% 0% 10% 85% 87% 86% 
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A3.3 3D Building Model – Elastic Time-History Analyses 

A3.3.1    Introduction 

In order to estimate the inter-storey drifts that occurred during the 4th September 2010 and 22nd 
February 2011 earthquakes, time-history analyses were carried out using the 3D model of the 
structure described above and the strong-motion record obtained from the REHS instrument.  A 
review of the reported damage to the primary elements of the building structure after the February 
earthquake indicated minor to moderate damage, and it was considered that an elastic analysis with 
allowance for cracking was a reasonable approach. 

The REHS records were applied in north-south and east-west directions, and also on a ± 45 
degrees angle. The vertical record was applied simultaneously.  

A3.3.2    Assumptions 

The main assumptions made for the 3D model include: 

 0.4 and 0.55 stiffness modifiers assumed for beams and columns, respectively. 

 A concrete strength of 45 MPa from testing reports. 

 Diaphragms assigned at all floor levels. 

A3.3.3  Assessment of Inter-storey Drifts 

The inter-storey drifts assessed for the building are shown in Table A3.3. These have been 
converted to a longitudinal and transverse displacement occurring along and across the stair units. 
The stair units have been divided in to a front and back units, as these run in opposite directions. 
The figure below shows the location of these units within the building and the points used to 
measure the inter-storey displacement (upper floor minus lower).  

 

 

Figure A3.2 : Locations of Reference Points for Inter-Storey Drifts 

 

The inter-storey displacements for Levels 13 to 16, are shown in Tables A3.4 and A3.5.  
Compression indicates that the supposed 30 mm seismic gap at the lower landing of the stair is 
decreasing, and extension indicates this is increasing. The displacements in the transverse 
direction are absolute values only.  The apparent discrepancy between the drifts reported in Table 

Points used to measure inter-storey 
displacement for back stair units 

Points used to measure inter-storey 
displacement for front stair units 

Building plan outline 
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A3.3 and Tables A3.4 and A3.5 is due to the effect of rotation in plan of the building and where the 
displacements are measured (refer to Figure A3.2).   

Drawings indicate there is a 90 mm gap in the transverse direction between the front and back stair 
flights and a further 75 mm gap on either side of the stair units to the building.     

Table A3.3 : Inter-Storey Displacements (mm) for Back Stair Unit, REHS Record with 
Vertical Springs 

Level Longitudinal 
Extension 

Longitudinal 
Compression 

Transverse 

18-17 38 38 46 

17-16 40 44 48 

16-15 43 51 49 

15-14 46 58 49 

14-13 49 62 49 

13-12 51 65 47 

12-11 53 66 44 

11-10 53 62 39 

10-9 50 54 33 

9-8 48 45 30 

8-7 47 42 28 

7-6 47 39 27 

6-5 48 38 27 

5-4 50 40 27 
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Table A3.4 : Inter-Storey Longitudinal Stair Displacements (mm) 

Level Earthquake record: REHS, 
22nd February 2011 

Earthquake record: REHS 
22nd February @ 45 degrees 

Earthquake record: REHS 
22nd February @ -45 degrees 

Earthquake record: REHS, 
4th September 2010 

Extension Compression Extension Compression Extension Compression Extension Compression 

Front Back Front Back Front Back Front Back Front Back Front Back Front Back Front Back 

Fixed-Base Model 

16-15 46 42 29 47 40 32 19 41 32 29 29 33 22 17 12 22 

15-14 28 49 28 56 47 48 27 49 38 34 37 39 25 21 18 26 

14-13 61 46 54 63 54 42 33 53 41 39 42 44 29 23 22 29 

Vertical Soil Springs 

16-15 39 43 51 51 - - - - - - - - 19 33 33 26 

15-14 43 46 57 58 - - - - - - - - 21 35 35 28 

14-13 47 49 62 62 - - - - - - - - 23 38 38 30 
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Table A3.5 : Inter-Storey Transverse Stair Displacements (mm) 

Level Earthquake record: REHS, 
22nd February 2011 

Earthquake record: REHS 
22nd February @ 45 degrees 

Earthquake record: REHS 
22nd February @ -45 degrees 

Earthquake record: REHS, 
4th September 2010 

Front Back Front Back Front Back Front Back 

Fixed-Base Model 

16-15 95 93 110 66 64 75 56 47 

15-14 35 89 110 58 67 75 59 47 

14-13 84 86 109 49 68 77 61 47 

Vertical Soil Springs 

16-15 31 49 - - - - 24 39 

15-14 33 49 - - - - 28 41 

14-13 33 49 - - - - 30 42 
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A3.4 Elastic Stair Unit Analyses 

A3.4.1   Model Overview 

Figure A2.1 shows the basic model in SAP2000 of a typical stair unit from Levels 4 to 17 in the main 
Forsyth Barr stairwell. The stair is modelled along the centreline of members. As the top landing 
appears to have some fixity back to the structure, both pinned and fixed supports have been tested 
to give a range of possible design actions.  

 

 

 

Figure A3.3 : Model Representation for SAP Model 

The Site Examination Report indicated that at the lower landing of the stair the concrete above the 
steel bearing angle had been cut away on at least some units to increase the seismic gap. When 
the stair landing collides with the structure, the impacts will occur over the lower section of the 
landing. An extra member was added to represent the height of the landing from the centreline 
member to the lower edge. This allowed the earthquake force/displacement to be conservatively 
applied at the bottom edge of the landing, accounting for any bending effects this creates.  A weight 
modifier of 0.001 was applied to this member to ensure that it would not contribute to self-weight, 
and a bending modifier of 1000 was applied to ensure a rigid member. 

A3.4.2   Assumptions 

The following assumptions were made: 

 Concrete strength of 30 MPa. 

 Self-weight accounted for automatically with section size. In addition, a uniformly distributed load 
(UDL) has been applied to represent the stair treads which can be seen in Figure A3.3.  

 A stiffness modifier of 0.5 has been used for effective section properties. 

990 x 200mm 990 x 330mm 1100 x 200mm 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.108



Investigation into the Collapse of the Forsyth Barr Building Stairs on 22nd February 2011 
 

 

 
 

 

Beca // 26 September 2011 // Page 8
5273927 // NZ1-4441607-46  4.5 

 

 The lower landing support is modelled as simply-supported. As displacement loads cannot be 
applied to unrestrained degrees of freedom, an equivalent force was used for earthquake 
loading.  

 5 % damping assumed for modal case. 

 Analyses have been run in the X-Z plane only.  No out-of-plane rotation has been considered. 

A3.4.3   Modal Analyses 

A modal analysis was run to compare the fundamental vertical modes with vertical accelerations 
recorded at these frequencies from four central city locations. The locations of the recordings used 
are Christchurch Hospital, Botanic Gardens, Catholic Cathedral College, and Resthaven Rest 
Home. The corresponding maximum and average accelerations are shown in Table A3.6 below for 
each fundamental time period. 

Table A3.6 : Modal Analysis Results for Stair Unit Model 

Mode Time Period (s) Vertical Mass 
Participation 

Maximum Acceleration (g) Average Acceleration (g) 

1 0.210 64% 1.09 0.77 

4 0.025 23% 1.62* 0.98* 

5 0.014 5% 1.62* 0.98* 

*Accelerations taken from 0.04 s time period, as this is the smallest value available from the modal 
analysis. 

A3.4.4 Linear Static Analysis 

A linear static analysis was undertaken for self-weight loads and combined self-weight and imposed 
displacement earthquake loads. Each case was run twice, once with a pinned support, and 
secondly with a fixed support at the top landing.   

Analyses were completed for inter-storey drifts that varied from 5 to 30 mm applied at the lower 
landing.  

The figures below show exaggerated deflected shapes and moment diagrams, while the following 
tables list the values of these moments and deflections obtained for each node. 

A3.4.5   Deflected Shapes 

The deflected shapes are shown in Figure A3.4. 
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(a)  Pinned support, self weight (SW) (b)  Fixed upper support, self weight (SW) 

  

(c)  Pinned support, 10 mm differential 
horizontal drift between adjacent floors (10 mm 
EQ) + SW 

(d)  Fixed upper support, 10 mm EQ + SW 

 

(e)  Pinned support, 30 mm EQ + SW (f)  Fixed upper support, 30 mm EQ + SW 

 

Figure A3.4 : Deflected Shapes from the Forced Displacement Analyses ( 
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(a)  Pinned support, self weight (SW) (b)  Fixed upper support, self weight (SW) 

(c)  Pinned support, 10 mm EQ + SW (d)  Fixed upper support, 10 mm EQ + SW 

(e)  Pinned support, 30 mm EQ + SW (f)   Fixed upper support, 30 mm EQ + SW 

 

Figure A3.5  Bending Moments from the Forced Displacement Analyses 
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Table A3.7 : Vertical Deflections from the Forced Displacement Analyses 

Top Restraint Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned 

Case Node 1 Deflection 
(mm) 

Node 2 Deflection 
(mm) 

Node 3 Deflection 
(mm) 

Node 4 Deflection 
(mm) 

Node 5 Deflection 
(mm) 

Node 6 Deflection 
(mm) 

Self-weight (SW) 0 0 -6 -9 -11 -20 -10 -19 -1 -4 0 0 

5 mm EQ + SW 0 0 -15 -19 -21 -31 -19 -30 -1 -5 0 0 

10 mm EQ + SW 0 0 -25 -29 -31 -42 -29 -40 -2 -5 0 0 

20 mm EQ + SW 0 0 -43 -48 -51 -64 -49 -62 -2 -7 0 0 

30 mm EQ + SW 0 0 -62 -68 -72 -86 -68 -83 -3 -8 0 0 

5

1 2

3 4

6
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Table A3.8 : Horizontal Deflections from the Forced Displacement Analyses 

Top Restraint Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned 

Case Node 1 Deflection 
(mm) 

Node 2 Deflection 
(mm) 

Node 3 Deflection 
(mm) 

Node 4 Deflection 
(mm) 

Node 5 Deflection 
(mm) 

Node 6 Deflection 
(mm) 

Self-weight (SW) 2 2 2 3 6 10 6 10 0 0 0 0 

5 mm EQ + SW 7 7 8 9 12 16 12 16 0 0 0 0 

10 mm EQ + SW 12 12 14 15 18 23 18 23 0 0 0 0 

20 mm EQ + SW 22 22 26 27 31 36 30 36 0 0 0 0 

30 mm EQ + SW 32 32 38 39 43 50 43 49 0 0 0 0 

 5

1 2

3 4

6

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.113



Investigation into the Collapse of the Forsyth Barr Building Stairs on 22nd February 2011 
 

 

 
 

 

Beca // 26 September 2011 // Page 13 
5273927 // NZ1-4441607-46  4.5 

 

Table A3.9 : Moment Demands from the Forced Displacement Analyses 

Top Restraint Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned 

Case Node 1 Moment 
(kNm) 

Node 2 Moment 
(kNm) 

Node 3 Moment 
(kNm) 

Node 4 Moment 
(kNm) 

Node 5 Moment 
(kNm) 

Node 6 Moment 
(kNm) 

Self-weight (SW) 0 0 32 42 59 92 49 90 -46 21 -71 0 

5 mm EQ + SW -38 -38 173 183 14 51 160 206 -135 -60 -79 0 

10 mm EQ + SW -75 -75 314 325 -31 9 272 322 -223 -142 -86 0 

20 mm EQ + SW -150 -150 596 609 -121 -74 495 554 -400 -306 -101 0 

30 mm EQ + SW -226 -226 878 893 -210 -157 719 786 -577 -469 -115 0 

5

1 2

3 4

6
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A3.5 Secti on Capacities 

Section capacities of the stair sections were calculated using the computer program RESPONSE. 
The steel yield strength was specified as 300 MPa, and ultimate steel strength as 450 MPa. 

 

 

Figure A3.6 : Moment-Curvature for 990 x 200 mm Section, Positive Bending 

 

 

Figure A3.7  Moment-Curvature for 990 x 200 mm Section, Negative Bending 

148 kNm 

-70 kNm 

Location in analysis model 

Node 2 (LHS) 

Node 5 (RHS) 

Node 2 (LHS) 

Node 5 (RHS) 
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Figure A3.8 : Moment-Curvature for 990 x 330 mm Section, Positive Bending  

 

Figure A3.9 : Moment-Curvature for 990 x 330 mm Section, Negative Bending  

 

320 kNm 

-140 kNm 

320 kNm 

Node 2 (RHS) 

Nodes 3 and 4 

Node 5 (LHS) 

Node 2 (RHS) 

Nodes 3 and 4 

Node 5 (LHS) 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.116



Investigation into the Collapse of the Forsyth Barr Building Stairs on 22nd February 2011 
 

 

 
 

 

Beca // 26 September 2011 // Page 16
5273927 // NZ1-4441607-46  4.5 

 

 

 

Figure A3.10 : Moment-Curvature for 990 x 200 mm Section + Dowels, Positive  

 

Figure A3.11 : Moment-Curvature for 990 x 200 mm Section + Dowels, Negative Bending 

181 kNm 

-101 kNm 

Node 6 

Node 6 
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A3.6 Non-linear Pushover Stair Unit Analysis 
A non-linear pushover analysis was carried out on the stair unit to confirm the potential permanent 
horizontal shortening and vertical displacement of the stair unit.  Moment-curvature hinges were 
added adjacent to joints 2 and 5, in the 900 mm x 200 mm stair section as noted below. 

 

Figure A3.12 : Location of Hinges in the Non-linear Stair Flight Analysis 

A displacement was applied to the lower landing joint until the first hinge failure. 

As well as displacement of this lower joint in the X direction (as shown in Figure 20 below), 
displacements were also applied in the Y direction.  No hinges were considered in this direction.  
Moment and torsion demands can be found in Table A3.13. 

The assumptions made were similar to those for the linear case.  Other assumptions include hinge 
lengths assumed as 0.2 m (the same as the depth of the section), and the location of the hinge 
located at a distance of 130 mm from the end of the member. Flexural stiffness modifiers of 0.5 
were assumed. 

 

 

 

 

 

 

 

Figure A3.13 : Stair Model Showing Axes 

Hinge location 

Hinge location 
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Table A3.10 : Vertical Deflections from Inelastic Stair Unit Analyses 

Top Restraint Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned 

Case Node 1 Deflection 
(mm) 

Node 2 Deflection 
(mm) 

Node 3 Deflection 
(mm) 

Node 4 Deflection 
(mm) 

Node 5 Deflection 
(mm) 

Node 6 Deflection 
(mm) 

Self-weight (SW) 0 0 -5 -8 -9 -17 -8 -16 -1 -3 0 0 

2.5 mm EQ + SW 0 0 -9 -13 -15 -22 -14 -22 -1 -4 0 0 

5 mm EQ + SW 0 0 -14 -18 -22 -27 -21 -26 -1 -4 0 0 

10 mm EQ + SW 0 0 -25 -30 -29 -34 -26 -32 -1 -5 0 0 

Hinge Failure 0 N/A -36 N/A -35 N/A -31 N/A -1 N/A 0 N/A 

5

1 2

3 4

6
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Table A3.11 : Horizontal Deflections from Non-Linear Stair Unit Analyses 

Top Restraint Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned 

Case Node 1 Deflection 
(mm) 

Node 2 Deflection 
(mm) 

Node 3 Deflection 
(mm) 

Node 4 Deflection 
(mm) 

Node 5 Deflection 
(mm) 

Node 6 Deflection 
(mm) 

Self-weight (SW) 2 2 2 3 5 8 5 8 0 0 0 0 

2.5 mm EQ + SW 4 4 5 6 9 12 9 12 0 0 0 0 

5 mm EQ + SW 7 7 8 9 13 14 13 14 0 0 0 0 

10 mm EQ + SW 12 11 14 14 17 17 17 17 0 0 0 0 

Hinge failure 16 N/A 20 N/A 20 N/A 20 N/A 0 N/A 0 N/A 
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Table A3.12 : X-Direction Displacement and Moment Demands from the Non-Linear Stair Unit Analyses 

Top Restraint Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned Fixed Pinned 

Case Node 1 Moment 
(kNm) 

Node 2 Moment 
(kNm) 

Node 3 Moment 
(kNm) 

Node 4 Moment 
(kNm) 

Node 5 Moment 
(kNm) 

Node 6 Moment 
(kNm) 

Self-weight (SW) 0 0 32 42 59 92 49 90 -46 21 -72 0 

5 mm EQ + SW -32 -32 160 163 48 57 178 190 -66 -49 -19 0 

10 mm EQ + SW -35 -34 170 172 47 54 188 196 -63 -54 -15 0 

Hinge Failure -35 N/A 173 N/A 47 N/A 191 N/A -69 N/A -15 N/A 

Note: the moments given above are at the intersections of the model centrelines.  The plastic hinges are displaced from these intersection points and 
therefore the moments shown exceed the plastic hinge capacities given in A3.5.   
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Table A3.13. Y-Direction Displacement and Moment Demands from Stair Flight Analyses 

 Node 2 Node 3 Node 4 Node 5 Node 6 

Displacement Moment 
(kNm) 

Torsion* 
(kNm) 

Moment 
(kNm) 

Torsion* 
(kNm) 

Moment 
(kNm) 

Torsion* 
(kNm) 

Moment 
(kNm) 

Torsion* 
(kNm) 

Moment 
(kNm) 

Torsion* 
(kNm) 

20 mm  -27 0, 15 -113 15, -43 -108 -43, 27 -209 27, -89 -203 -89, N/A 

40 mm -54 0, 29 -206 29, -86 -237 -86, 54 -419 54, -179 -407 -179, N/A 

60 mm -81 0, 43 -309 43, -129 -355 -129, 82 -628 82, -268 -610 -268, N/A 

80 mm -108 0, 58 -412 58, -172 -473 -172, 109 -838 109, -358 -814 -358, N/A 

100 mm -135 0, 72 -515 72, -215 -591 -215, 136 -1047 136. -447 -1017 -447, N/A 

*Note: Two values given for torsion indicate the values in the members either side of the node (left, right). 

  
 

Moment Displacem ent Torsion 

1 
2 

3 
4 

5 
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A3.7     Knee Joint 

One area of possible concern under gravity load only is the knee joint (i.e., where the mid landing 
joins the top step of the bottom flight). These have been shown to perform well below their expected 
capacity if insufficient transverse steel is provided to transfer tension across the joint. 

A Concrete Construction publication 1988[1] on this issue provides a tentative recommendation that 
whenever 2 As fy sin(Θ/2) > Kbdfc

0.5, steel cross ties linking top and bottom steel (anchored around 
both), with a total section area Av = 2 As sin(Θ/2) should be provided. 

It appears this requirement is not meet in these units, neither with respect to the area of transverse 
steel required, nor the requirement for anchorage.  

 

 

 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.123



 

 

Appendix A4 

Site Data 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.124



 

 

Appendix A4.1 

Geotechnical Report 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.125



Factual Geotechnical Report

Investigation into the collapse of the Pyne Gould 
Corporation Building and the Forsyth Barr Building 
stairs on 22 February 2011
Prepared for Department of Building and Housing (DBH) 

By Beca Carter Hollings & Ferner Ltd (Beca) 

30 June 2011 

© Beca 2011

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.126



Factual Geotechnical Report 

Investigation into the collapse of the Pyne Gould 
Corporation Building and the Forsyth Barr Building stairs 
on 22 February 2011 
Prepared for Department of Building and Housing (DBH)

By Beca Carter Hollings & Ferner Ltd (Beca) 

30 June 2011 

© Beca 2011 (unless Beca has expressly agreed otherwise with the DBH in writing). 

This report has been prepared by Beca on the specific instructions of DBH. It is solely 
for DBH’s use for the purpose for which it is intended in accordance with the agreed 
scope of work. Any use or reliance by any person contrary to the above, to which Beca has 
not given its prior written consent, is at that person's own risk. 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.127



Investigation into the collapse of the Pyne Gould Corporation Building and the Forsyth Barr Building stairs on 22 February 2011

Beca // 30 June 2011 // Page i
5273927 // NZ1-4591222-6  0.6 

Revision History 

Revision Nº Prepared By Description Date 

A Mark Hill   

    

    

    

    

Document Acceptance 

Action Name Signed Date 

Prepared by Mark Hill   

Reviewed by Gavin Alexander   

Approved by Rob Jury   

on behalf of Beca Carter Hollings & Ferner Ltd 

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.128



Investigation into the collapse of the Pyne Gould Corporation Building and the Forsyth Barr Building stairs on 22 February 2011

Beca // 30 June 2011 // Page ii
5273927 // NZ1-4591222-6 0.6

Table of Contents
1 Introduction .......................................................................................................... 1
2 Site Description .................................................................................................... 1
3 Previous Investigations ....................................................................................... 1
4 Scope of Investigations ....................................................................................... 1

4.1 Concrete Cores at PGC ............................................................................................... 2

5 Investigation Methodology .................................................................................. 2
5.1 Machine Boreholes ...................................................................................................... 2
5.2 Cone Penetration Test (CPT) ...................................................................................... 3

6 Notice to Reader/User of this Document ............................................................ 3
7 References............................................................................................................ 3

Appendices
Appendix A - Geotechnical Investigation Plans
Appendix B - Borehole Logs
Appendix C - Borehole Photos
Appendix D - Cone Pentration Test Results
Appendix E - Exisiting Boreholes

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.129



Investigation into the collapse of the Pyne Gould Corporation Building and the Forsyth Barr Building stairs on 22 February 2011

Beca // 30 June 2011 // Page 1
5273927 // NZ1-4591222-6 0.6

1 Introduction

The New Zealand Department of Building and Housing (DBH) has commissioned Beca Carter
Hollings & Ferner Ltd (Beca) to undertake an investigation into why the Pyne Gould Corporation
(PGC) Building at 231-233 Cambridge Terrace and the stairs in the Forsyth Barr Building collapsed
during the Magnitude 6.3 earthquake that struck Christchurch at 12.51pm on Tuesday 22nd

February 2011.

This Geotechnical report presents the factual results of the geotechnical investigations at the PGC
site and at the nearby strong motion recorder (REHS) site. The current investigations comprised of
four machine boreholes, four cone penetration tests (CPTs) and five concrete cores. Historic ground
investigation data for the Forsyth Barr Building is also presented.

2 Site Description

The sites are located at 231-233 Cambridge Terrace (PGC) and 764 Colombo Street (REHS),
Christchurch.

The PGC building is 40m to the north of the Avon river. The ground profile is generally flat. The
building was demolished to the ground floor level at the time of the investigation. The Forsyth Barr
Building is 140m to the south west of the Avon river and the ground profile is generally flat.

Both sites are surrounded by other commercial buildings.

3 Previous Investigations

Soils and Foundations Ltd carried out a geotechnical investigation of the Forsyth Barr site in 1987
and 1988.

Five boreholes were drilled for the investigation program. The Borehole logs and site plan are
included in Appendix E.

4 Scope of Investigations

The field works were carried out on 8th June to 13th June 2011 at the locations shown in Appendix
A. The current investigation positions were determined using hand held GPS (Garmin Vista C Etrex)
and summarised in Table 1 below. Co-ordinates are in terms of NZTM.

The field investigation work proceeded as directed by Beca staff.
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Table 1 – Investigation Summary

Investigation
No.

Site Date Coordinates Investigation
Method

Depth
(mbgl)Easting

(m)
Northing
(m)

BH 100 PGC 10/6/11 2480806 5742174 Machine
Borehole (BH)

15

BH 101 8/6/11 2480810 5742159 15

BH 102 10/6/11 2480811 5742140 15

BH 103 REHS 13/6/11 2481311 5742669 14.45

CPT 100 PGC 9/6/11 2480806 5742174 Cone Penetration
Test (CPT)

5.96

CPT 101 9/6/11 2480810 5742159 3.92

CPT 102 9/6/11 2481311 5742669 5.17

CPT 103 REHS 9/6/11 2481311 5742669 20.35
Note: 1. Accuracy of coordinates is ±5m

4.1 Concrete Cores at PGC
Table 2 – PGC Ground Floor Slab

Investigation
No.

Concrete Thickness
(mm)

Underlying Material Gap

CC1 250 Medium to coarse GRAVEL, trace sand. N

CC2 210 Coarse GRAVEL and cobbles N

CC3 130 Fine to medium sandy fine to coarse
GRAVEL.

N

CC4 120 10mm of SAND. Followed by medium to 
coarse GRAVEL.

N

CC5 130 Fine to coarse GRAVEL N

Note: 1. Refer to Figure 1 for locations

5 Investigation Methodology

5.1 Machine Boreholes

Four HQ sized machine boreholes were drilled by Pro Drill (Auck) Ltd using a tractor mounted rotary
drilling rig.

Standard Penetration Tests (SPTs) were generally undertaken at 1.5m intervals where appropriate,
within each borehole, using the technique described in ASTM D1586 Rev A, 2008.
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All samples were logged and photographed on site by a Geotechnical Engineer or an Engineering
Geologist. The logs were generally described in accordance with the NZGS Guidelines for the Field
Description of Soil and Rock (NZGS, 2005). The borehole logs and photographs are presented in
Appendices B and C, along with a bore log key that clarifies the symbols used in the logs.

All samples were wrapped in plastic and are stored in labelled boxes on site. Some unavoidable
drying out of the samples is to be expected with time.

Boreholes were backfilled with bentonite on completion of drilling.

5.2 Cone Penetration Test (CPT)

Cone Penetration Tests (CPTs) were conducted by Perry Drilling Ltd, to depths of between 3.92 m
and 20.35 m, using a track mounted 100 kN capacity hydraulic rig fitted with a 10 cm2 (end area)
cone to measure cone resistance, sleeve friction and pore water pressure. Testing was conducted
following test Standard ASTM D5778-95 (2000) Standard Test Method for performing Electronic
Friction Cone and Piezocone Penetration Testing of Soils.

Cone resistance (qc) and Friction ratio (Rf) test records are presented in Appendix D.

6 Notice to Reader/User of this Document

This report is the property of our client, The New Zealand Department of Building and Housing and
Beca Carter Hollings & Ferner Ltd.

This is a factual report of field investigations. The field investigations have been undertaken at 
discrete locations and no inferences about the nature and continuity of ground conditions away from
the investigation locations are made. Furthermore logs are provided presenting description of the 
soils and geology based on our observation of the samples recovered in the fieldwork and may not
be truly representative of the actual underlying conditions.

To the maximum extent permitted by law, Beca Carter Hollings & Ferner Ltd disclaims all liability
and responsibility (in contract or tort, including negligence, or otherwise) for any loss or damage
whatsoever which may be suffered as a result of any reliance by any third party on this report,
whether that loss is caused by any fault or negligence on the part of Beca Carter Hollings & Ferner
Ltd or otherwise.

No interpretation of the investigation results has been made in this report. Should you be in any
doubt as to the applicability of this report for the proposed development described herein, it is
essential that you carry out independent investigations to satisfy your needs.

7 References

ASTM D5778 – 95 (2000): Standard Test Method for Performing Electronic Friction Cone and
Piezocone Penetration Testing of Soils.
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Appendix C

Borehole Photos

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.145



Christchurch Earthquake Building Investigation

BH100
[5273927] Machine Borehole Photos

BOX: 1 DEPTH: 0.0 to 7.3m

BOX: 2 DEPTH: 7.3 to 12.65m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.146



Christchurch Earthquake Building Investigation

BH100
[5273927] Machine Borehole Photos

BOX: 3 DEPTH: 12.65 to 15m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.147



Christchurch Earthquake Building Investigation

BH101
[5273927] Machine Borehole Photos

BOX: 1 DEPTH: 0.0 to 0.5m

BOX: 2 DEPTH: 0.6 to 5.6m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.148



Christchurch Earthquake Building Investigation

BH101
[5273927] Machine Borehole Photos

BOX: 3 DEPTH: 5.6 to 10.8m

BOX: 4 DEPTH: 10.8 to 15m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.149



Christchurch Earthquake Building Investigation

BH102
[5273927] Machine Borehole Photos

BOX: 1 DEPTH: 0.0 to 5m

BOX: 2 DEPTH: 5 to 15m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.150



Christchurch Earthquake Building Investigation

BH103
[5273927] Machine Borehole Photos

BOX: 1 DEPTH: 0.0 to 3.95m

BOX: 2 DEPTH: 3.95 to 7.95m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.151



Christchurch Earthquake Building Investigation

BH103
[5273927] Machine Borehole Photos

BOX: 3 DEPTH: 7.95 to 12.7m

BOX: 4 DEPTH: 12.7 to 14.45m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.152



Christchurch Earthquake Building Investigation

BH103
[5273927] Machine Borehole Photos

BOX: 1 CC1 - CC5

BOX: 4 DEPTH: 12.7 to 14.45m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.153



Christchurch Earthquake Building Investigation

CPT101
[5273927] Machine Borehole Photos

BOX: 1 Depth: 0 to 1.03m

BOX: DEPTH: 1.03 to 2.15m

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.154



Appendix D

Cone Penetration Test
Results

DATE REC: 28 SEP 2011 FINAL BUI.COL764.0003A.155
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Dynamic pore pressure (u2) in MPa

Equilibirum pore pressure (u0) in MPa Inclination (I) in degrx
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Appendix E 

Existing Boreholes
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