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ABSTRACT 
 
Extensive and repeated triggering of liquefaction during the Canterbury Earthquake Sequence 
provided an understanding of typical failure mechanisms and global effects of liquefaction on the 
buried infrastructure in Christchurch. Subsequently the infrastructure design standards were amended 
to incorporate theoretical improvements for earthquake resilience. The SCIRT and EQC Liquefaction 
Trial was developed to allow controlled field assessment of the performance of buried infrastructure 
within liquefied soils. The full scale liquefaction field trial comprised five buried chambers and three 
sections of pipeline, with elements constructed both to pre-earthquake Council design standards and 
post-earthquake details that incorporated theoretical improvements in seismic resilience. Performance 
improvements were provided through: material selection, design detailing, and backfill type. A series 
of explosive detonations triggered liquefaction of the soil surrounding the buried infrastructure within 
an area of some 200 m

2
 to a depth of 6-10 m. Only the vertical effects of liquefaction were assessed 

being; seismic settlement, bearing capacity and buoyant uplift. This is due to the localised nature of 
the trial, short duration/ low amplitude high frequency strong ground motion. The performance of the 
infrastructure was assessed by visual observation, extensive instrumentation and testing, and 
exhuming the infrastructure. This paper presents observations and findings from the liquefaction trial. 
Good correlation between theoretical and field measured uplift pressures was observed for a range of 
backfill materials. Variability in seismic performance of ground conditions is the main cause of 
differential settlement of pipelines over short distances. Infrastructure complying with post-earthquake 
infrastructure design standards and practices exhibited relatively good performance. 
 
Keywords: SCIRT, liquefaction, explosive, horizontal infrastructure, buoyant uplift, settlement. 
 
1 INTRODUCTION 
 
Christchurch’s below ground horizontal infrastructure was subjected to very strong ground motion 
during the Canterbury Earthquake Sequence (CES) though 2010/2011. Extensive and repeated 
liquefaction triggering led to significant damage to Christchurch’s wastewater, stormwater and water 
supply infrastructure.  
 
The Stronger Christchurch Infrastructure Rebuild Team (SCIRT) was established in response to the 
extensive damage sustained during the 22 February 2011 Christchurch earthquake (Mw6.2). This 
alliance comprises the New Zealand Government (CERA and NZTA), Christchurch City Council (CCC) 
and 5 civil contractors, with support from an integrated design office of engineers from 14 local 
engineering consultants. SCIRT was tasked with the assessment and repair of earthquake damaged 
infrastructure, creating a legacy of resilient infrastructure, whilst also providing value for the client 
organisations. 
 
Assessment during the rebuild identified that the most significant geotechnical mechanisms leading to 
earthquake damage of buried infrastructure were: differential settlement, lateral spread, dynamic 
structural failure, and some instances buoyant uplift. Subsequently the CCC infrastructure design 
standards were amended to incorporate theoretical improvements for earthquake resilience. 
Improvement was incorporated through pipe and chamber material selection, design detailing and 
backfill material type. 
 
SCIRT identified an opportunity to undertake full scale field trials of infrastructure in parallel with the 
Earthquake Commission’s (EQC’s) existing series of full scale ground improvement field trials. EQC 
agreed to the proposal and provided their technical team to assist SCIRT at the Avondale site.  



 

   

 
The purpose of the liquefaction trial was to assess the effects of liquefaction on below ground 
infrastructure in a controlled and closely monitored field situation. Information gained would be used to 
validate theory, assess infrastructure performance, and to understand severity of risk and 
consequence of failure mechanisms. The results would inform SCIRT designers in reviewing the 
resilience of CCC standard details and proposed alternatives. 
 
Only vertical effects of liquefaction were observed, deformation and forces associated with the 
dynamic effects of strong ground motion and lateral spreading were not replicated. The statistical 
validity of the trial is low as it only preforms one test event, in a discrete location and for a specific set 
of buried infrastructure. However the test provides a good practical assessment which can be 
compared to theory with engineering judgement, and observations of infrastructure performance 
during the CES. 
 
A wide range of observations and knowledge was drawn from the trial. This paper focuses on the high 
level learning’s associated with buoyant uplift of chambers and the effects of seismic settlement on 
infrastructure.  
 
2 TRIAL DESIGN 
 
2.1 Site Location 
 
The trial was preformed within the CERA residential red zone, on a 620 m

2
 parcel of land at Ardrossan 

Street, Avondale, Christchurch. The site is located on an inside meander, 70 m from the Avon River 
which had exhibited very poor seismic performance during the CES with significant liquefaction and 
ejecta, lateral spread and seismic settlement observed. Horizontal infrastructure and residential 
dwellings in the area were extensively damaged.  
 
2.2 Ground Conditions and Liquefaction Potential 
 
Geotechnical investigations comprising four cone penetrometer tests (CPTu), one borehole and three 
cross hole seismic tests were performed at the site up to 10m depth. In addition, excavation faces 
were logged during the installation and exhumation of the infrastructure. 
 
Prior to residential development in the early 1970’s the wider area was prepared with placement of 
approximately 1m thick non-engineered and highly variable sandy silt and silty sand fill, with some 
pockets of gravel. The upper 1.5m to 2.6m of the soil profile is dominated by alluvial over-bank 
deposits of the Springston Formation comprising variable silty sands and sandy silts.  Layers of clay/ 
silt were identified between 2.2m and 2.6m depth towards the southern end of the site. Loose to 
medium dense clean sands (<10% fines) of the Christchurch Formation dominate the remainder of the 
near surface soil profile.  
 
Groundwater conditions were assessed from site records, interpretation of pore pressure transducers 
(PPT), CPTu testing and adjacent EQC groundwater monitoring wells. The adopted near surface 
groundwater level was at a depth of 1.1m, associated with perched water tables. Measured static pore 
pressures within the Christchurch Formation infer a lower ground water level of 1.93m below the 
ground surface. 
 
Assessment of CPT results (Idriss & Boulanger, 2008) indicates liquefaction triggering at the site for 
peak ground accelerations (PGA’s) of ~0.1g (Mw7.5) with extensive liquefaction within a zone affecting 
the buried infrastructure developing with PGA’s of 0.15g to 0.20g (Mw7.5). The Springston formation 
silts and clays found in the southern portion of the trial site have been assessed to have low 
liquefaction potential. Cross hole seismic testing with P waves infers that the upper 3m to 4m of the 
ground profile has saturation ratio of less 98.5%, indicating that this upper layer has low potential for 
liquefaction (Stokoe et al, 2014). 
 
2.3 Infrastructure Tested 
 
The design of the trial attempted to maximise the range of infrastructure tested within the site 
constraints and trial costs, so that maximum value could be realised. Careful consideration was given 



 

   

to selecting the specific infrastructure components and materials for the trial. The components 
comprise pre-earthquake standards, alternative resilient solutions that had been adopted in the rebuild 
and others which were subject to debate within SCIRT at the time. Table 1 provides a summary of the 
eight assemblies incorporated into the trial with discussion on the purpose and details involved. The 
layout is provided in Figure 1. 
 
Construction was in accordance with the CCC Construction Standard Specification (CSS) supported 
by SCIRT specifications. Construction monitoring was performed by the trial SCIRT engineers and 
Delivery Team, and post construction baseline assessment of line, level and condition was performed. 
 
Table 1: Summary of Trial Infrastructure and Purpose  

Test 
ID 

Assembly Purpose and Details 

1 

DN150 PVC-U SN16 pipe 
with easily compacted 
granular haunching within 
trench 

SCIRT was exploring possible alternative pipe haunching 
aggregates with low sensitivity to effects of water during 
placement, to improve construction efficiencies. Though not being 
considered as a haunching aggregate, Grade 2 sealing chip 
aggregate (NZTA M6) was selected as an extreme high void ratio 
alternative for the trial to allow comparison with a well graded 
material (Test 2). 

2 

DN150 PVC-U SN16 pipe 
with well graded haunching 
within trench. CCC CSS 
design standard. 

This test provides a baseline assessment of seismic performance 
of existing CSS and SCIRT pipe and trench design, incorporating 
well graded aggregates to NZTA M4 AP20 specification. 

3 

Pressure Sewer Chamber 
(PE) – Granular backfill 
relieving pore water 
pressures 

This is to review the performance of a chamber backfilled with 
highly permeable material. The trial utilised Grade 2 sealing chip 
aggregate (NZTA M6) encased within a sewn geotextile bag. The 
test aimed to quantify the reduction of uplift pressures, comparing 
observations with design assumptions. Also assesses the risk of 
clogging the geotextile and ingress of ejecta into the backfill during 
a liquefaction event. 

4 

Pressure Sewer Chamber 
(PE) – Backfill with 
excavated materials. In 
accordance with supplier 
installation details. 

This test provides a base line assessment of seismic performance 
of chambers backfilled with natural excavated materials. The test 
allows an assessment of theory and comparison with the current 
CCC CSS standard details. 

5 

1050mm dia concrete 
access chamber with 
connecting PVC-U SN16 
pipe, backfilled with AP65 
gravel.  

This allowed assessment of seismic performance of a CCC CSS 
standard access chamber, comprising a proprietary precast 
concrete access chamber with CCC AP65 backfill. The test aimed 
to quantify the effects of a well graded granular backfill on uplift 
pressures on the chamber. The test also allowed a review of the 
interface between connecting pipes.  

6 

DN600 PE access chamber 
with connecting PVC-U 
SN16 pipe, backfilled with 
AP65 

This aspect is a field test of seismic performance of a PE access 
chamber chamber with CCC AP65 backfill. Key elements being 
reviewed were the same as for Test No. 5. 

7 
Pressure Sewer Chamber 
(PE) – Low strength 
concrete backfill 

This was intended to review performance of a chamber backfilled 
with low strength concrete, adding weight to resist buoyant uplift. 

8 
DN150 Restrain PVC-U 
SN16 pipe installed by 
directional drilling 

This assesses field performance of a directly drilled pipeline in 
liquefied soil. An alternative pipe material Restrain

TM
 pipe was 

used for this test.  

 



 

   

 
 
Figure 1. Site layout for SCIRT and EQC Liquefaction trial 
 
2.4 Explosives 
 
Explosive design and sequencing was developed by the EQC trial technical team. Liquefaction was 
triggered though detonation of 42 charges in 14 blast holes arranged in two overlapping 10m diameter 
circles (refer Figure 1). Three levels of explosive charges were installed in each blast hole, 0.8kg of 
explosives at 2.5m depth and 2.4kg charges at depths of 6.5m and 10.5m. The explosives were 
detonated in a pre-set sequence at ~240 ms intervals alternating across the circles for a total duration 
of 10 seconds, intended to induce cyclic shear strains in the soil, triggering liquefaction. 
 
2.5 Data Acquisition 
 
Pore pressure transducers (PPT) were installed at different levels though the ground profile and 
directly beneath chambers. These measured excess pore pressures, assisting with providing 
confirmation of liquefaction, and determination of chamber uplift pressures. Vertical movement of the 
ground and infrastructure was quantified though comparison of baseline monitoring and post 
liquefaction elevation changes recorded by: survey, LiDAR, vertical settlement profilers and horizontal 
profilometer testing along pipes. Change in condition of the infrastructure was assessed though field 
monitoring during construction and exhuming following the test, and using internal CCTV pipe 
inspections. The blast was recorded with high speed cameras from a number of angles to allow visual 
assessment of the effects of the explosive detonations and uplift pressures on the infrastructure. 
 
3 TRIAL OBSERVATIONS AND INTERPRETATION 
 
The explosives triggered extensive liquefaction, confirmed in all the PPT’s down to the deepest 
installed at 9m. Limited liquefaction ejecta was observed at the ground surface, with the colour of the 
entrained sands suggesting their source to be from below 3m depth. PPT’s within 2-3m of the ground 
surface recorded varying levels of excess pore pressures, indicating liquefaction triggering levels had 
been reached, (or close to). The LiDAR digital elevation model of ground settlement (Figure 3) 
suggests that liquefaction was triggered up to 5m beyond the blast rings. 
 
3.1 Buoyant Uplift 
 
3.1.1 Uplift Pressures 
 
Buoyant uplift forces exerted on the chambers were inferred from pore pressure transducers installed 
directly beneath the chambers. The buoyant uplift pressures in liquefied soils were found to be 
equivalent to the total stress. The results confirm that when the base of a chamber is founded within a 
liquefied layer the excess pore pressures generated by cyclic shearing of soil beneath a chamber are 
not affected by the extent of liquefied soils above the base of the chamber. 

Test 7 Test 2 Test 6 

Test 8 Test 4 Test 3 Test 5 Test 1 

Blast hole with 

explosive charges 

N
 



 

   

3.1.1.1 Native Soils 

Excess pore pressure was normalised to a pore pressure ratio (ru) to allow assessment of relative 
uplift pressures and liquefaction triggering. Liquefaction is effectively triggered when ru approaches 1. 
Figure 2 presents a plot of pore pressure ratio with time. Following the detonation of explosives a 
liquefied state was maintained for up to 5 minutes as excess pore pressure migrated upward from the 
soil strata below. Delayed secondary liquefaction was observed in PPT’s installed in native soils 2 to 3 
minutes following explosive detonation (refer Figure 2).  
 
The PPT’s installed into silty sand beneath the chamber backfilled with native soils (Test 4) and 
concrete encasement (Test 7) confirmed that the native soil beneath these chambers liquefied. An 
important observation in Test 7 was that the pore pressure measured beneath the concrete encased 
chamber when liquefied was equivalent to the initial total stress beneath the chamber. This would 
suggest that the benefits of adding mass of a higher unit weight to resisted buoyant uplift on a 
chamber is limited once a Factor of Safety (FoS) of 1 is achieved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Pore Pressure Ratio for PPT installed beneath chambers 
* Discrete Points shown as <10 data points measured exceeded the sensitivity threshold for the PPT. 

3.1.1.2 High Permeability Backfill 

For the chamber encapsulated in highly permeable uniformly graded granular backfill (Test 3) it was 
observed that the excess pore pressures in the surrounding liquefied native soil were partially relieved 
though migration of water into the permeable backfill. High permeability of the backfill limited the uplift 
pressure beneath the chamber to a static water head at the ground surface, which slowly dissipated 
following the test. Exhuming the chamber found that the sewn geotextile bag was successful in 
preventing ingress of ejecta sands into the backfill, and the geotextile was free of any silt/ clay coating. 

3.1.1.3 Well Graded Backfill 

Test 5 and Test 6 chambers were backfilled with well graded granular backfill (CCC AP65). The CCC 
AP65 is derived from quarried alluvial deposits in Canterbury and is typically characterised as having a 
moderate to high fines content and variable permeability, similar to the adjacent native soils (1x10

-7
 

m/s to 1x10
-4

 m/s). The maximum ru recorded for the PPT installed within the CCC AP65 was 0.18 and 
0.29 for Tests 5 and 6 respectively. Excess pore pressures exerted on the chamber from liquefaction 
were less than 30% of the excess pore pressures in the surrounding liquefied native soils. This 
observation confirms that the well graded gravel did not liquefy. This test also suggests the 
assumption that the excess pore pressure within well graded gravel is equivalent to that within the 
adjacent liquefied soil may be overly conservative. Trace infiltration of ejecta materials from soil strata 
below was observed during exhumation. Further laboratory testing is proposed to verify the validity of 
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this observation from a single trial. The authors recommend caution in directly adopting the recorded 
observations from Test 5 and 6 until the validity is confirmed. 
 
3.1.2 Chamber Uplift Displacement 
 
No observations of chamber uplift were recorded during the Liquefaction Trial. The net uplift force 
exerted on the chambers has been estimated considering the ‘as built’ condition and measured 
excess pore pressures. Resistance to uplift is provided by the weight of the chamber plus either; the 
effective weight of a cone of backfill extending out from the extended base, or the effective weight of 
backfill directly above the extended base plus resistance from shearing of the backfill (selection 
dependent on critical failure mechanism). Table 2 summarises the theoretical factor of safety (FoS) 
against liquefied buoyant uplift and compares the anticipated uplift movement with the uplift observed.  
 
Table 2: Anticipated chamber uplift compared with observed uplift 

Test Infrastructure Type  Backfill Type  Theoretical 
FoS Liquefied 
Buoyant Uplift 

Uplift 
Anticipated 

Uplift 
Observed 

3 
Pressure Sewer Chamber Permeable 

granular backfill 
2.4 No No 

4 Pressure Sewer Chamber Native sands 0.9 Yes No 

5 
1050mm dia concrete 
access chamber 

CCC AP65  
4.1 No No 

6 DN600 PE access chamber CCC AP65 5.1 No No 

7 Pressure Sewer Chamber 3MPa Concrete 1.0 Possible No 

 
Assessment of buoyant uplift for the chamber backfilled with natural locally sourced sand (Test 4) 
indicated net uplift pressures under liquefied conditions were similar to those in the surrounding in situ 
natural soils. For Test 7 the unit weight of the concrete mass backfill was less than estimated during 
design, however the uplift pressures recorded beneath the chamber were approximately equivalent to 
the initial total stress prior to liquefaction, therefore providing limited factor of safety improvement. The 
extended base incorporated into chambers in Test 3, 4, 5, and 6 was effective in providing restraint to 
uplift forces. 
 
Buoyant uplift displacement typically occurs during the phase of ground shaking, following the 
triggering of liquefaction (Sasaki and Tamura, 2004). Shaking assists the chambers upward 
movement though the non-liquefied crust by ratcheting motions, and continued development of excess 
pore replenishes pressure loss associated with volume change with chamber uplift displacement. 
Movement was not recorded in Test 4 and 7 as the trial could not readily include post liquefaction 
shaking.   
 
3.2 Seismic Settlement 
 
Seismic settlement associated with liquefaction at the trial site was assessed through review of LiDAR 
DEM, vertical settlement profilers, profilometer testing along pipe infrastructure and spot height survey 
levels. Vertical settlement profilers indicated that the settlement was relatively uniform with depth. 
Ground surface settlement varied across the site, with total settlements of 120 - 180mm within the 
northern blast ring. Significantly smaller seismic settlements of 0 – 80mm were recorded in the 
southern blast ring. Figure 3 presents a LiDAR DEM map of seismic settlement of the ground surface 
across the site, and a plan showing a schematic representation of relative seismic settlement along 
the pipe infrastructure.  
 



 

   

              

[A] – LiDAR DEM total settlement induced across trial site 
[B] – Schematic assessment of relative settlement within pipe infrastructure recorded by profilometer 

Figure 3. Variability in seismic settlement of the ground surface and pipe infrastructure 
 
The cause of the lesser settlement in the southern blast ring have not been fully explained. However, 
the presence of the silt/clay lense and ground improvement associated with the close proximity of the 
installed infrastructure at this end of the site may be contributing factors. It is possible that the 
explosive charges on the southern blast ring (compared with the northern ring) did not induce the 
same level of liquefaction at depth. This cannot be verified however liquefaction ejecta was expelled 
from the charge boreholes at the south west corner of the site suggesting the soil at depth did liquefy.  
 
Differential settlements of 0 mm to greater than 150 mm were recorded across the site within pipes of 
Test 1, Test 2 and Test 8. This highlights the vulnerability of horizontal infrastructure to variable and 
differential settlement. Competent pipe haunching and well graded granular backfill within the trench 
provided negligible mitigation in the magnitude or rate of differential settlement.  
 
Minor seismic settlement of the ground surrounding chambers of <50mm relative to the chamber base 
could be observed. This is in line with the typical observations of the ground settlement relative to 
chambers during the short shaking duration 22 February and 13 June 2011 earthquakes. Where pipe 
infrastructure interfaced with chambers, settlement of ~20mm relative to the base of the chamber was 
observed associated with settlement of 0.5m – 1.5m of soil, resulting in minor negative pipe grades at 
the connection. 
 
The liquefaction trial highlights the high variability of soils in Christchurch and the corresponding 
variability in seismic settlement response. Well-constructed below ground horizontal infrastructure 
generally exhibited good structural performance during the trial. Composite action between the pipe 
and a trench backfilled with well compacted granular materials has limited influence on reducing the 
rate of total settlements. This is in line with observations during the Canterbury earthquake sequence, 
with the most common pipe defect for modern PVC-U pipe installations being pipe dips. Design of 
future pipeline infrastructure should consider this residual vulnerability to differential seismic 
settlements. Selection of system type, and appropriate detailing of installed pipe grades and 
alignments could provide a small reduction in vulnerably. In most instances piling and/or ground 
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improvement are not economically feasible and generally such measures focus or shift the location of 
the differential settlement, offering limited or little additional resilience. 
 
4 CONCLUSIONS 
 
The SCIRT and EQC Liquefaction Trial provided controlled field assessment of the performance of 
pipelines and chambers in liquefied soils. Interpretation of the trials observations and data supports 
geotechnical design theory, anticipated relative performance and failure mechanisms. The 
performance of the buried infrastructure in the trial is in line with the generally good performance of 
access chambers and extensive differential settlement of pipeline infrastructure observed in 
Christchurch during the CES. The trial learning’s support the resilient design solutions incorporated 
into the SCIRT rebuild of horizontal infrastructure. 
 
Key learning’s with respect to buoyant uplift and seismic settlement are listed below: 

 Variability in soil type and liquefaction potential over short distances can lead to significant 
differential settlement. This agrees with observations that PVC-U pipelines exhibited pipe dips 
as the dominate failure mechanism during the CES.  A well-constructed trench, backfilled with 
well compacted granular materials, has little influence on differential seismic settlement. 
Designers and asset owners should consider this residual differential settlement risk and its 
influence on asset functionality during project scoping and design. 

 Use of native soils for backfill is not recommended unless liquefaction is mitigated though 
stabilisation. 

 Relieving excess pore pressures with highly permeable backfill within a sewn geotextile bag 
was effective at limiting uplift pressures supporting use of permeable backfill in pressure 
sewer and vacuum sewer chambers in the SCIRT rebuild. 

 The low excess pore pressures observed within CCC AP65 backfill during the trial, suggests 
that the level of resilience provided by a well graded granular backfill may be higher than often 
assumed in design. Further laboratory testing is required before a reliable conclusion could be 
drawn. These preliminary observations support the typical backfill with well graded granular 
materials for buried infrastructure in the rebuild. 

 An extended chamber base that utilises the effective weight of backfill materials to resist uplift 
is an effective method for limiting potential for buoyant uplift. This design allows flexibility in 
backfill type, provides access for future maintenance, and is a cost effective solution of high 
value. 

 Addition of concrete mass to chambers can assist with resisting uplift. Effectiveness of this 
design solution is dependent on ‘as built’ installation accuracy and satisfying unit weight 
assumptions. A net weight increase has a corresponding increase in initial vertical effective 
stress and liquefied uplift pressures beneath the chamber.  
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