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Summary
This is the third and final report from the research study performed within the NHRP Research
Project “Impacts of soil liquefaction on land, buildings and buried pipe networks: geotechnical
evaluation and design, Task 3: Seismic assessment and design of pipe networks in liquefiable
soils”. The work presented herein is a continuation of the comprehensive study on the impacts of
Christchurch earthquakes on the buried pipe networks presented in two reports (Cubrinovski et
al., 2011; Cubrinovski et al., 2014) and several journal and conference publications. It is important
to consider this report not in isolation, but rather as an extension and continuation of the
previous two reports. For this reason, very limited coverage is presented herein on issues and
details discussed in the preceding reports.
The main objective of this report is to present an overview of application of the Liquefaction
Resistance Index developed by Cubrinovski et al. (2011), and to demonstrate its usefulness in
quantifying actual earthquake observations and summarise them in the form of liquefaction
zoning (hazard) map, and for quickly developing preliminary liquefaction zoning for the needs of
Christchurch City Council (CCC) and their immediate decision‐making before a more robust
zoning/analyses based on high‐quality geotechnical data could be completed. Also presented here
are relationships between LRI zones and performance of critical horizontal infrastructure
networks: potable water, waste water and roads.
For the potable water network there is a clear trend of increasing rate of repairs with decreasing
liquefaction resistance of soils: (a) Highest repair rates are seen for LRI Zone 0 which has the
lowest liquefaction resistance; (b) the repair rates decrease gradually with increasing LRI Zone
number, (c) the lowest repair rates are seen for LRI Zone 4. The rate of repairs in LRI Zone 0 is
about 25 times greater than that in LRI Zone 4. This is consistent with the expectation that
liquefaction‐induced ground deformation is a governing factor in the damage to buried pipes, and
hence presents an independent validation of the LRI concept and its applicability. For the waste
water network, there is a clear trend in the repairs rate as a function of the LRI Zone number or
liquefaction resistance of soils. LRI Zone 0 is characterized by about 6 repairs per kilometre, which
is 10 times higher than the repairs rate of LRI Zone 3 and nearly 200 times the repairs rate of LRI
Zone 4. For the road network, there is in general a consistent trend of increase in rates of damage
features with a decrease in the liquefaction resistance of soils (or decrease in the LRI Zone
number). Our analysis results derived in this study can be used to develop a predictive tool for
evaluating the performance of potable and waste water pipes of similar characteristics in future
earthquakes affecting urban areas of New Zealand.
Closed Circuit Television structural damage observations have been conducted for 53% of
Christchurch City’s waste water network (~20,000 pipes), comprising a voluminous and detailed
record of earthquake impacts. Ongoing research using these data involves establishing
relationships between structural damage and seismic and ground deformation information,
including the LRI. A particular focus of research is influence of earthquakes on gravity pipe
lifetimes, information on which will assist asset owners across New Zealand in managing long‐
term asset resilience and appropriate levels of service.

i

Table of Contents
Summary.............................................................................................................................................. i
List of Figures ..................................................................................................................................... iii
List of Tables ....................................................................................................................................... v
List of Acronyms ................................................................................................................................ vi
1.0 Introduction .................................................................................................................................. 1
2.0 The Canterbury Earthquake Sequence ......................................................................................... 1
3.0 Liquefaction Resistance Index concept ........................................................................................ 2
3.1 CSR7.5(wt) values from the Darfield and Christchurch earthquakes ........................................... 4
3.2 Estimated
values based on liquefaction observations from the Darfield and Christchurch
earthquakes .................................................................................................................................... 4
3.3 LRI (Liquefaction Resistance Index) Map for Christchurch ....................................................... 5
4.0 CSR7.5 through the Canterbury Earthquake Sequence ................................................................. 7
5.0 Performance of Infrastructure Lifelines ..................................................................................... 13
5.1 Potable Water......................................................................................................................... 13
5.2 Waste Water ........................................................................................................................... 18
5.3 Roads ...................................................................................................................................... 20
6.0 Ongoing Analysis of the Waste Water System ........................................................................... 24
References ........................................................................................................................................ 31
Appendix A: Investigation in to the loss of grade of the Christchurch Wastewater Pipe Network
after the 2010‐11 Earthquakes......................................................................................................... 34
Appendix B: Liquefaction Induced Damage to Roads in the 2010‐2011 Christchurch Earthquakes 42

ii

List of Figures
Figure 1. Geologic context of the CES, with major epicentres and blind fault locations shown. Also
shown are the urban extent of Christchurch City, and the Liquefaction Resistance Index (LRI)
analysis area addressed in this report. .............................................................................................. 2
Figure 2. Liquefaction Resistance Index (Zoning) for Christchurch City. Associated ground
deformations are shown in Table 1. .................................................................................................. 6
Figure 3. Peak Ground Acceleration (PGA) in units of gravity (g) for major CES events, within the
LRI analysis area. PGA data are from Bradley and Hughes (2012a;2012b). Panel (c) shows
combined highest PGA values from both the 4 September 2010 event (a) and 22 February 2011
event (b); the area where 4 September 2010 PGAs exceeded those of 22 February 2011 is
indicated with a black arrow (<1% of analysis area). ......................................................................... 9
Figure 4. CSR(wt) within the LRI analysis area for major CES events, calculated from Equation 5. .. 10
Figure 5. CSR7.5(wt) within the LRI analysis area for major CES events, calculated from Equation 6. 11
Figure 6. Frequency distributions (f) of CSR7.5(wt) across the spatial extents of LRI zones, for each
major CES event. .............................................................................................................................. 12
Figure 7. Potable water repairs for all major pipe types (Asbestos Cement, Cast Iron, M‐Polyvinyl
Chloride, Concrete‐Lines Steel, High‐Density Polyethylene, Medium‐Density Polyethylene 80 and
Galvanised Iron) in each Liquefaction Resistance Index (LRI) Zone. (a) Total number of pipes in
each LRI zone, and areas of no liquefaction observations (NO). (b) Total pipe length (km) in each
LRI zone, and areas of no liquefaction observations (NO). (c‐e) Repair rates in each LRI zone and
for the events of 22 February, 13 June and 23 December 2011, with standard errors indicated.
Also shown are number of repairs (in italics) for each LRI zone. ..................................................... 15
Figure 8. Potable water repairs for each Liquefaction Resistance Index (LRI) Zone and mains pipe
materials. (a) Total number of pipes in each LRI zone, and areas of no liquefaction observations
(NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction observations (NO).
(c‐e) Repair rates for each LRI zone and events of 22 February, 13 June and 23 December 2011,
with standard errors indicated. Also shown are number of repairs (in italics) for each LRI zone. .. 16
Figure 9. Potable water repairs for each Liquefaction Resistance Index (LRI) Zone and submains
pipe materials. (a) Total number of pipes in each LRI zone, and areas of no liquefaction
observations (NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction
observations (NO). (c‐e) Repair rates for each LRI zone and events of 22 February, 13 June and 23
December 2011, with standard errors indicated. Also shown are number of repairs (in italics) for
each LRI zone. .................................................................................................................................. 17
Figure 10. Waste water repairs for all major pipe types (Asbestos Cement, Cast Iron, M‐Polyvinyl
Chloride, Concrete‐Lines Steel, High‐Density Polyethylene, Medium‐Density Polyethylene 80 and
Galvanised Iron) in each Liquefaction Resistance Index (LRI) Zone. (a) Total number of pipes in
each LRI zone, and areas of no liquefaction observations (NO). (b) Total pipe length (km) in each
LRI zone, and areas of no liquefaction observations (NO). (c) Repair rates for each LRI zone, with
standard errors indicated. Also shown are number of repairs (in italics) for each LRI zone. .......... 18
Figure 11. Wastewater repairs for each Liquefaction Resistance Index (LRI) Zone and pipe
materials. (a) Total number of pipes in each LRI zone, and areas of no liquefaction observations
(NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction observations (NO).
(b) Total pipe length (km) in each LRI zone, and areas of no liquefaction observations (NO). (c)
Repair rates for each LRI zone, with standard errors indicated. Also shown are number of repairs
(in italics) for each LRI zone. ............................................................................................................ 19
iii

Figure 12. Road pavement damage observations (fissures, cracks, vertical offsets and potholes)
across LRI zones. (a) Total number of roads in each LRI zone, and areas of no liquefaction
observations (NO). (b) Total road length (km) in each LRI zone, and areas of no liquefaction
observations (NO). (d) Rate of mapped features for each LRI zone, with standard errors indicated.
Also shown are number of mapped features (in italics) for each LRI zone...................................... 21
Figure 13. Road damage classified uneven surface for each Liquefaction Resistance Index (LRI)
Zone and road surface material. (a) Total number of roads in each LRI zone, and areas of no
liquefaction observations (NO). (b) Total road length (km) in each LRI zone, and areas of no
liquefaction observations (NO). (c) Percentage of road length affected, classified as uneven
surface, for each LRI Zone. (d) Rate of mapped features classified as uneven surface for each LRI
zone, with standard errors indicated. Also shown are number of mapped features (in italics) for
each LRI zone. ................................................................................................................................... 22
Figure 14. Road damage classified ponding for each Liquefaction Resistance Index (LRI) Zone and
road surface material. (a) Total number of roads in each LRI zone, and areas of no liquefaction
observations (NO). (b) Total road length (km) in each LRI zone, and areas of no liquefaction
observations (NO). (c) Percentage of road length affected, classified as ponding, for each LRI zone.
(d) Rate of mapped features classified and ponding for each LRI zone, with standard errors
indicated. Also shown are number of mapped features (in italics) for each LRI zone. .................... 23
Figure 15. Waste water network pipe types across in Christchurch City and Lyttelton Harbour, as
of 4 September 2010. ....................................................................................................................... 26
Figure 16. Locations of waste water CCTV analyses across Christchurch City and Lyttelton Harbour
before the CES (a) and after each major CES event through to May 2014 (b‐e). ............................ 27
Figure 17. Post‐CES locations of CCTV and profilometer observations across Christchurch City and
Lyttelton Harbour. ............................................................................................................................ 28
Figure 18. Assessment of actions (renew, repair, no action) for waste water pipes based on CCTV
analysis. Survey Abandoned denotes CCTV surveys unable to be completed in the field due to pipe
obstruction/damage. ........................................................................................................................ 29

iv

List of Tables
Table 1. LRI Zones and associated ground deformation (settlements, lateral displacements and
strains)................................................................................................................................................ 7
Table 2. Epicentre locations, Mw and MSF values for major CES events. See Figure 1 for Mw
epicentre locations............................................................................................................................. 8

v

List of Acronyms
AC

Asbestos Cement

CBD

Central Business District

CCC

Christchurch City Council

CCL

City Care Limited

CCTV

Closed‐Circuit Television

CERA

Canterbury Earthquake Recovery Authority

CES

Canterbury Earthquake Sequence

CI

Cast Iron

CLS

Concrete‐Lined Steel

CONC

Concrete

DI

Ductile Iron

EW

Earthenware

FH

Fulton Hogan

GI

Galvanised Iron

GIS

Geographic Information System(s)

GPS

Global Positioning System

HDPE

High‐Density Polyethylene

LRI

Liquefaction Resistance Index

MDPE80

Medium‐Density Polyethylene 80

MPVC

Modified Polyvinyl Chloride

PDA Tool

Pipe Damage Assessment Tool

PVC

Polyvinyl Chloride

RCRR

Reinforced Concrete Rubber‐Ring jointed

S

Steel

SCIRT

Stronger Christchurch Infrastructure Rebuild Team

UC

University of Canterbury

vi

1.0 Introduction
This is the third and final report from the research study performed within the NHRP Research
Project “Impacts of soil liquefaction on land, buildings and buried pipe networks: geotechnical
evaluation and design, Task 3: Seismic assessment and design of pipe networks in liquefiable soils”.
The work presented herein is a continuation of the comprehensive study on the impacts of
Christchurch earthquakes on the buried pipe networks presented in two reports (Cubrinovski et al.,
2011; Cubrinovski et al., 2014) and several journal and conference publications. It is important to
consider this report not in isolation, but rather as an extension and continuation of the previous two
reports. For this reason, very limited coverage is presented herein on issues and details discussed in
the preceding reports.
The main objective of this report is to present an overview of application of the Liquefaction
Resistance Index developed by Cubrinovski et al. (2011), and to demonstrate its usefulness in
quantifying actual earthquake observations and summarise them in the form of liquefaction zoning
(hazard) map, and for quickly developing preliminary liquefaction zoning for the needs of
Christchurch City Council (CCC) and their immediate decision‐making before a more robust
zoning/analyses based on high‐quality geotechnical data could be completed. Also presented here
are relationships between LRI zones and performance of critical horizontal infrastructure networks:
potable water, waste water and roads. These relationships demonstrate the usefulness of the LRI for
interpreting infrastructure performance through combinations of seismic demand and liquefaction
resistance.

We also present a general overview of waste water assessments undertaken within the Stronger
Christchurch Infrastructure Rebuild Team (SCIRT), and outline current and future research directions
for this system.

2.0 The Canterbury Earthquake Sequence
Between September 2010 and December 2011, Christchurch, the second largest city of New Zealand
(population: ~ 350,000; area: ~ 450 km2), was damaged by a series of strong earthquakes: 4 Sept.
2010 (Mw = 7.1); 22 Feb. 2011 (Mw = 6.2, 185 fatalities); 13 June 2011 (two events: Mw = 5.3 at 1 p.m.
and Mw = 6.0 at 2:20 p.m.) and 23 Dec. 2011 (two events: Mw = 5.8 at 1:58 p.m. and Mw = 5.9 at 3:18
p.m.) (Fig. 1; for detailed reviews of the geologic and seismic aspects of the CES, see Beavan et al.,
2010, 2011, 2012a, 2012b; Duffy et al., 2013; Quigley et al., 2012; Bradley et al., 2014). The close
proximity of causative faults to Christchurch generated strong ground motions (Bradley and
Cubrinovski, 2011; Bradley, 2012) that caused extensive damage to residential and commercial
properties (Cubrinovski et al., 2011a; Bray et al., 2014; Bech et al., 2014; Fleischman et al., 2014;
Moon et al., 2014) and infrastructure lifelines, particularly potable water, waste water, and road
networks (Cubrinovski, et al., 2011b; 2014a, 2014b, 2014c; O’Rourke et al., 2014). Much of the
damage to the city’s built environment was caused by widespread soil liquefaction that occurred
predominantly in saturated, unconsolidated alluvial and marine fine sediments in east Christchurch,
in the region of late Holocene coastal progradation. In susceptible soils with high water tables (e.g.,
suburbs adjacent to the Avon River), liquefaction was manifested at the ground surface in
earthquakes as low as Mw 5.0 and PGAs as low as 0.08 g (Quigley et al., 2013). Less‐susceptible soils
1

required higher shaking intensities for liquefaction initiation (Tonkin & Taylor, 2013; van Ballegooy et
al., 2014b). Liquefaction caused significant ground deformations, ejection of groundwater and
sediments on to the ground surface, and lateral spread around rivers (Cubrinovski et al., 2012; 2014c;
Quigley et al., 2013; Green et al., 2014; van Ballegooy et al., 2014b). Liquefaction caused widespread
and severe subsidence throughout eastern and central Christchurch as a result of lateral spreading,
topographic re‐levelling, volume loss due to water, sand and silt ejecta to the ground surface and
post‐liquefaction volumetric densification. In some areas, loadings from structures and preferential
ejecta pathways through roads and buried infrastructure imparted distinct anthropogenic signatures
on surface ejecta patterns, and subsidence across eastern Christchurch has exacerbated longstanding
flooding issues and vulnerability to tsunami and sea‐level rise impacts (Hughes et al., 2015).

Figure 1. Geologic context of the CES, with major epicentres and blind fault locations shown. Also shown are
the urban extent of Christchurch City, and the Liquefaction Resistance Index (LRI) analysis area addressed in
this report.

3.0 Liquefaction Resistance Index concept
In the simplified procedure for liquefaction evaluation (e.g. Youd et al., 2001; Boulanger and Idriss,
2014) a factor of safety against triggering of liquefaction (in a free field level ground deposit), FS, is
calculated as
. ,

2

1

where CRR7.5, 100 is the Cyclic Resistance Ratio or liquefaction resistance while CSR is the Cyclic Stress
Ratio which represents the earthquake load (seismic demand). The subscripts in CRR7.5, 100 indicate
that CRR is defined for a reference magnitude 7.5 earthquake (i.e. 15 significant cycles of shear
stresses) and an effective overburden stress of 100 kPa. In cases when the earthquake magnitude is
different than 7.5 and the effective overburden stress is different than 100 kPa the reference CRR7.5,
100 value is modified using the Magnitude Scaling Factor (MSF) and K correction factor respectively In
essence, CSR accounts for the amplitude of the seismic load (using the peak ground acceleration as a
measure for the amplitude shear stresses) while MSF accounts for the duration of shaking (or
number of significant loading cycles) using the earthquake magnitude as a proxy for the shaking
duration. According to Idriss and Boulanger (2008), the MSF is given by
6.9

0.058 1.8
2
4
where Mw is the moment magnitude of the earthquake. In the simplified triggering procedures it is
often adopted to use K = 1.0 for shallow depths with effective vertical stresses of ’v ≤ 100 kPa.
Hence, for shallow depths, Eq (1) can be reduced to

.

3

If FS ≤ 1.0, then the available liquefaction resistance is smaller than (or equal to) the earthquake load
(demand) and hence liquefaction will be triggered (will occur) for the adopted earthquake loading
(PGA and Mw. The simplified method is used as a predictive tool to evaluate the liquefaction
triggering at a given site for an assumed ground motion (Peak Ground Acceleration, PGA; Moment
Magnitude, Mw) and estimated liquefaction resistance CRR7.5 using empirical relationships based on
penetration resistance or shear wave velocity.
Using this approach and Eq (3), the inverse problem could be solved to back‐calculate the
liquefaction resistance CRR7.5 based on records of ground motions and observed liquefaction
manifestation in an earthquake event. Provided that ground motions have been recorded by a
relatively dense array of instruments, and liquefaction manifestation in the area/sites of the
instruments has been well‐documented for a given earthquake event, CSR, MSF and FS can be
calculated/estimated as follows: CSR is calculated for each instrumented site using the recorded peak
ground acceleration (PGA); MSF is computed (estimated) for the whole area using the earthquake
magnitude (Mw) of the event; and, the factor of safety against liquefaction triggering FS is estimated
based on the severity of the observed liquefaction manifestation at the site of interest. Note that
empirical liquefaction triggering criteria were actually developed based on observed manifestation
(or lack of it) of liquefaction on the ground surface in well‐documented case histories, and hence the
aforementioned approach in evaluating FS is consistent with the simplified liquefaction triggering
procedure. Eventually, the liquefaction resistance or CRR7.5 is back‐calculated as:
·
.

.

·
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is the estimated factor of safety as a function of
Here CSR7.5 is a function of PGA and Mw whereas
the severity of liquefaction manifestation. This approach was adopted to first estimate CRR7.5 and
3

then calculate a so‐called Liquefaction Resistance Index (LRI), produce an LRI map and develop
liquefaction zoning for Christchurch based on LRI, as described below.
There are a couple of advantages of this approach. First, it allows us to quantify actual earthquake
observations and summarize them in the form of liquefaction zoning (hazard) map. Second, using this
approach we could quickly develop preliminary liquefaction zoning for the needs of CCC and their
immediate decision‐making before a more robust zoning/analyses based on high‐quality
geotechnical data could be completed.

3.1 CSR7.5(wt) values from the Darfield and Christchurch earthquakes
CSR7.5 is a function of the PGA on the ground surface, considered depth in the deposit and water
table depth, i.e. CSR7.5 = f[PGA, rd(z), wt(z)]. For shallow depths, at and above the water table, there
are no effects of rd and wt(z) on CSR, and the cyclic stress ratio is effectively a function of PGA alone,
i.e. CSR(wt) = f[PGA], or in terms of the reference 7.5 magnitude, CSR7.5(wt) = f[PGA, MSF]. Thus,
using the geometric mean peak ground accelerations recorded at the strong motion stations within
and in the vicinity of Christchurch during the Darfield and Christchurch earthquakes, cyclic stress
ratio values at the depth of the water table CSR7.5(wt) were computed at the strong motion stations
and then were interpolated across Christchurch using ordinary kriging interpolation.
For the Christchurch potable water system the pressurised pipe network is typically at shallow
depths of about 0.5 m to 0.8 m, while the wastewater pipes are predominantly at depths from 2.0‐
3.5 m. Importantly, for most of the suburbs that experienced liquefaction in Christchurch, the water
table was high, at about 1 m to 2.0 m from the ground surface (van Ballegooy et al., 2014). Hence,
the CSR7.5(wt) values estimated as above accurately represent the seismic demand (earthquake
loads) specific to liquefaction for depths corresponding to embedment depths of the potable water
(PW) and waste water (WW) pipelines. For these reasons, the liquefaction zoning for pipe networks
was focused on the shallow depths of the deposits corresponding to the depth of the water table (or
slightly below) yielding the final form of the expression for the Cyclic Resistance Ratio:

.

.

·
.

·
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where CRR7.5(wt) is the cyclic resistance ratio corresponding to the water table depth or to the
embedment depth of embedment PW and WW pipelines.

3.2 Estimated
values based on liquefaction observations from the Darfield and
Christchurch earthquakes
A key issue in the calculation of LRI maps is the assumption/evaluation of the factor of safety
. We
have to assume/estimate the value of the factor of safety for both areas that did liquefy, and areas
that did not liquefy during the earthquakes.
For the liquefied areas, the factor of safety was defined based on the severity of manifested
liquefaction on the ground surface, as follows. Since triggering of liquefaction yields by definition FS =
1.0, traces of liquefaction, low to moderate liquefaction and moderate to severe liquefaction were
given
values of 0.9, 0.75 and 0.50 respectively. In other words,
decreases with increased
of 0.5 indicates that the available cyclic strength of the
severity of liquefaction manifestation. An
4

soil was half of the seismic load induced by the earthquake. For cases of extreme or very severe
effects of liquefaction, an
value of 0.25 was adopted to depict very poor ground performance and
extremely low liquefaction resistance of soils.
In non‐liquefied areas, it was conservatively adopted that in areas where the water table was at 1m
or 2m depth, the
was 1.1 and 1.25, respectively, or slightly above the liquefaction triggering
threshold of FS = 1.0. In other words, areas with high water table and seismic demand, but no
manifestation of liquefaction, were assumed to have CRR7.5(wt) that is 10% to 25% above the
was increased
corresponding CSR value. Then, for areas with larger depths to the water table,
with the water table depth since it is well known that a thick crust decreases the likelihood of
occurrence and surface manifestation of liquefaction. Thus,
= 1.5, 1.75 and 2.0 was adopted for
areas with depth to water table of 3.0, 4.0 and 5.0m. Clearly, in the latter case the depth to the water
table and embedment depths of the pipelines could be substantially different.

3.3 LRI (Liquefaction Resistance Index) Map for Christchurch
The above approach was applied to develop an LRI (Liquefaction Index resistance) map for
Christchurch as described in Cubrinovski et al. (2011) (Figure 2). Well‐documented liquefaction maps
were used to quantify the severity of liquefaction and its distribution throughout Christchurch, and
while CSR7.5(wt) values and their spatial distribution were calculated using the
estimate
magnitude and recorded PGAs for the Darfield and Christchurch earthquakes. Note that the UC
liquefaction map (Cubrinovski and Taylor, 2011) was the principal map used in the evaluation of LRI,
and that the T&T map was employed only in areas that were not covered by the UC map. By
values with the respective CSR7.5(wt) the LRI value was calculated and summarised
multiplying the
in Figure 2 in the form of a Liquefaction Resistance Index map of Christchurch. Here orange, yellow,
green and blue indicate Zones 1, 2, 3 and 4, with Zone 1 being the reference zone. The red zone
covers predominantly the abandoned areas or the Residential Red Zone and is below the established
threshold LRI value of 0.065. Note that the zone numbers also indicate the relative liquefaction
resistance. Thus, for example, Zone 3 has three times the liquefaction strength of the lower bound
value of Zone 1.
To further facilitate the use of the LRI map in preliminary design evaluations, Table 1 summarises the
typical range of settlements, ground displacements and strains associated with each LRI zone. These
are based on expert judgement and should be taken only as preliminary estimates with further
updates to follow based on more robust interpretation and analysis. For the grey zone, there were
no liquefaction observations/inspections, and therefore these areas are outside of the LRI zoning,
and should be considered/evaluated separately.

5

Figure 2. Liquefaction Resistance Index (Zoning) for Christchurch City. Associated ground deformations are
shown in Table 1.

6

Table 1. LRI Zones and associated ground deformation (settlements, lateral displacements and strains).
LRI
Zone

Equivalent CRR

Representative
LRI (at water
table)

Ground
settlement
(mm)

Lateral displacement
(relative; transient)
(mm)

Assumed ground
strains and thickness
of liquefied layer

0

< 0.065

‐

> 500

> 400

εv > 5%, γ > 4%,
HL=5 – 10m

1

0.065 – 0.11

250 – 500
0.065

200 ‐ 400

εv = 5%, γ = 4%,
HL=5 – 10m

2

0.11 – 0.16

0.13

50 – 250

40 ‐ 200

εv = 3%, γ = 2%,
HL=4 – 8m

3

0.16 – 0.23

0.195

20 – 50

20 ‐ 40

εv = 1%, γ = 1%,
HL=2 – 4m

4

> 0.23

0.26

< 20

< 20

γ < 0.5%,
HL=0m

‐ Design should accommodate the higher value of displacement/deformation
‐ εv = volumetric strain, γ = shear strain

4.0 CSR7.5 through the Canterbury Earthquake Sequence
Details of the CSR calculations are provided below. At any given depth of a given deposit using (e.g.
Idriss and Boulanger, 2008) CSR can be estimated using the following expression
0.65

6

where amax is the PGA at the ground surface, σvo and
are the total and effective overburden stress
at depth (z), and rd is a stress reduction factor as a function of depth. In the current analysis, i.e. at
shallow depths of the ground water table (1 m to 3 m depths) this can be simplified to
0.65

7

where PGA is the recorded value at a particular recording station during the CES (Bradley and
Hughes, 2012a;2012b). Note that vo/’vo = 1.0 at or above the ground water table, and rd = 1.0 at
shallow depths of less than 3‐4 m. The CSR for an equivalent Mw = 7.5 is then given by
8

.

with MSF given in Eq (2).
7

Moment magnitudes and MSF for each of the CES events considered in the below analysis are
presented in Table 1. Maps of PGA, from Bradley and Hughes (2012a; 2012b), are presented for the
major CES events across the LRI analysis area in Figure 3. Respective CSR(wt) values across the LRI
analysis area calculated using Eq (5) are shown in Figure 4, and CSR7.5(wt) values across the LRI
analysis area calculated using Eq (6), are shown in Figure 5. Figures 3(c), 4(c) and 5(c) include
maximum PGA, CSR(wt) and CSR7.5(wt) values, respectively, from combined 4 September 2010 Darfield
earthquake and 22 February 2011 Christchurch events.
Figure 6 summarises frequency distributions of CSR7.5(wt) across different LRI zones for the major CES
events. Figure 6a shows that LRI Zones 2, 3 and 4 were subjected to higher demand in the Darfield
event than LRI Zones 0 and 1 which suffered severe liquefaction and lateral spreading damage. This
in turn indicates that the severe liquefaction in Zone 0 that occurred during this event was not due to
the higher demand, but conversely it was due to the relatively low liquefaction resistance of the soils
in this zone. Similarly, LRI Zone 2 has equal or higher seismic demand than LRI Zones 0 and 1 in the
February 2011 event, again suggesting that the liquefaction resistance or CRR7.5(wt) was the key factor
that contributed to the different severity of liquefaction that was predominantly observed in the
respective LRI zones.
For the proper interpretation of the liquefaction manifestation maps and their derivations, such as
the LRI map, it is important to understand that these maps provide a generic interpretation for a
given area showing the predominant features of liquefaction manifestation or derived liquefaction
resistance for the area. They do not have accuracy at a property basis and should not be used for
such discrimination or interpretation.

Table 2. Epicentre locations, Mw and MSF values for major CES events. See Figure 1 for Mw epicentre locations.
Earthquake date and name
4 September 2010 Darfield earthquake
22 February 2011 Christchurch I
13 June 2011 II
23 December 2011 II

Latitude
‐43.538
‐43.566
‐43.564
‐43.530

Longitude
172.164
172.691
172.743
172.7428
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Mw
7.1
6.2
6.0
5.9

MSF
1.08
1.41
1.48
1.52

Figure 3. Peak Ground Acceleration (PGA) in units of gravity (g) for major CES events, within the LRI analysis
area. PGA data are from Bradley and Hughes (2012a;2012b). Panel (c) shows combined highest PGA values
from both the 4 September 2010 event (a) and 22 February 2011 event (b); the area where 4 September 2010
PGAs exceeded those of 22 February 2011 is indicated with a black arrow (<1% of analysis area).
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Figure 4. CSR(wt) within the LRI analysis area for major CES events, calculated from Equation 5.
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Figure 5. CSR7.5(wt) within the LRI analysis area for major CES events, calculated from Equation 6.
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Figure 6. Frequency distributions (f) of CSR7.5(wt) across the spatial extents of LRI zones, for each major CES
event.
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5.0 Performance of Infrastructure Lifelines
Engineers of the Christchurch City Council (CCC) and SCIRT (Stronger Christchurch Infrastructure
Rebuild Team) have compiled comprehensive evidence on the damage of the horizontal
infrastructure either indirectly through activities focused on repair of faults and reinstatement of the
lifelines or directly through inspections targeting identification of damage and its severity (e.g. CCTV
and profilometer inspections of buried pipes). In our study, we have devoted a considerable effort
and time to understand, organize and properly interpret these comprehensive datasets. The focus
was first on the ‘repairs data’ since it was immediately available and relatively easy to apply in our
engineering evaluations.
Potable water repair data are the same as used in Cubrinovski et al. (2014a), but repair rates are re‐
analysed here separately for the 22 February 2011, 13 June 2011 and 23 December 2011 events. Also
presented here is an updated analysis of waste water performance based on repair locations
following 22 February 2011. These waste water repairs are mainly emergency repairs in response to
observations and complaints from the members of the public who notified the Christchurch City
Council about obvious leaks or nuisance odours, and do not form a detailed picture of physical pipe
damage. However their wide spatial extent across Christchurch City enables a preliminary
understanding of the relative performance of waste water pipe types through the CES.
Also presented here are observations of damage to Christchurch City’s road network. In the months
after the 22 February 2011 events, the Christchurch City Council conducted widespread
reconnaissance of the city’s road network to ascertain damage to road pavement surfaces, kerbs and
channels, and footpaths, with ~30,000 individual observations made. Here we present a subset of
these data for road pavements (mapped cracks and potholes, uneven surfaces and ponding), and
aggregated observations for kerbs and channels, and footpaths. For road pavement uneven surfaces,
a more representative picture of damage is the percentage of road length in each LRI Zone affected,
because a single observation could reflect damage along 1 m length or the entire length of a street.
Presented below are summary charts presenting performance in terms of number of repairs and
repair rates (rates of repairs per kilometre length) across different LRI zones and pipe materials, and
types of road surfaces. In these charts, repair rates (RR) are calculated as
9
where n is the number of repairs performed on horizontal infrastructure or number of observed
damage features, and L is the total length of horizontal infrastructure in a given LRI zone. Due to
repair rates having a Poisson distribution the standard error (SE) of the repair rate is calculated as

√
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5.1 Potable Water
Figure 7 shows the distribution of the number of pipes (Fig. 7a) and length of pipes (Fig 7b) across the
five LRI zones in Christchurch. Depending on the density of the network and size of each of the LRI
13

areas there is some variation in the number and lengths of potable water pipes, however, in each
zone there are large number of pipes and a sufficient total length in the range from about 100 km to
700 km for a robust analysis. Figures 7c through 7e show the correlation between the rate of repairs
(or repairs per kilometre) and LRI Zone for the February 2011, June 2011 and December 2011
earthquakes. They show a clear trend of increasing rate of repairs with decreasing liquefaction
resistance of soils: (a) Highest repair rates are seen for LRI Zone 0 which has the lowest liquefaction
resistance; (b) the repair rates decrease gradually with increasing LRI Zone number, (c) the lowest
repair rates are seen for LRI Zone 4. The rate of repairs in LRI Zone 0 is about 25 times greater than
that in LRI Zone 4. This outcome is fully consistent with the expectation that liquefaction‐induced
ground deformation is a governing factor in the damage to buried pipes, and hence presents an
independent validation of the LRI concept and its applicability. There was insufficient data for the
September 2010 event to be included in this analysis.
Figure 7 summarises the data for all pipe types. In order to understand the performance of different
pipe types further analysis was conducted for the prevalent pipe materials for mains: Asbestos
cement, Cast Iron, M‐Polyvinyl chloride, Concrete‐lined Steel, summarised in charts in Figure 8, and
sub‐mains: High‐density Polyethylene, Medium‐density Polyethylene, and Galvanised Iron pipes,
summarised in Figure 9. In view of the fact that the February 2011 event was the most damaging and
that records associated with the June 2011 and December 2011 earthquakes potential include
damage caused by previous events and definitively include cumulative damage of the CES events, the
repairs data associated with the February 2011 earthquakes is considered as the most reliable
information (Figures 8c and 9c).
For the mains data, shown in Figure 8, the same trend is evident with the highest repair rates seen
for the LRI Zone 0 and reduction in the rate of repairs with increase in the LRI Zone number. There is
also a distinctive difference between the performance (repair rates) of brittle pipelines and ductile
pipelines. For example, in LRI Zone 0, asbestos cement and cast iron have relatively high repair rates
of about 9 per kilometre, concrete‐lined steel and galvanized iron pipes have the highest repair rates
of 12‐19 per kilometre. On the other hand, the flexible pipelines (High‐density Polyethylene,
Medium‐density Polyethylene, and M‐Polyvinyl chloride) have much lower repair rates of 2‐3 per
kilometre. Importantly, the provided correlations provide basis for rigorous and detailed evaluation
of the performance of different pipe materials or pipeline characteristics as a function of ground
conditions and liquefaction resistance in particular. Note that LRI is directly related to a particular
cyclic resistance or CRR as summarized in LRI, and hence, the analysis results derived in this study can
be used to develop a predictive tool for evaluating the performance of potable water pipes of similar
characteristics in future earthquakes affecting urban areas of New Zealand. It is important to note
that other subtle but potentially important differences such as pipe diameters and connection details
are subjects of further studies.
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Figure 7. Potable water repairs for all major pipe types (Asbestos Cement, Cast Iron, M‐Polyvinyl Chloride,
Concrete‐Lines Steel, High‐Density Polyethylene, Medium‐Density Polyethylene 80 and Galvanised Iron) in each
Liquefaction Resistance Index (LRI) Zone. (a) Total number of pipes in each LRI zone, and areas of no
liquefaction observations (NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction
observations (NO). (c‐e) Repair rates in each LRI zone and for the events of 22 February, 13 June and 23
December 2011, with standard errors indicated. Also shown are number of repairs (in italics) for each LRI zone.
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Figure 8. Potable water repairs for each Liquefaction Resistance Index (LRI) Zone and mains pipe materials. (a) Total number of pipes in each LRI zone, and areas of no liquefaction
observations (NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction observations (NO). (c‐e) Repair rates for each LRI zone and events of 22 February, 13
June and 23 December 2011, with standard errors indicated. Also shown are number of repairs (in italics) for each LRI zone.
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Figure 9. Potable water repairs for each Liquefaction Resistance Index (LRI) Zone and submains pipe materials. (a) Total number of pipes in each LRI zone, and areas of no
liquefaction observations (NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction observations (NO). (c‐e) Repair rates for each LRI zone and events of 22
February, 13 June and 23 December 2011, with standard errors indicated. Also shown are number of repairs (in italics) for each LRI zone.
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5.2 Waste Water
An equivalent analysis for the waste water pipes is presented in this section and summarised in
Figures 10 and 11. Here no distinction is made between individual CES events, although most repairs
appear to be in response to 22 February 2011 and to a lesser extent 13 June 2011 and 23 December
2011. Again, there is a clear trend in the repairs rate as a function of the LRI Zone number or
liquefaction resistance of soils. LRI Zone 0 is characterized by about 6 repairs per kilometre, which is
10 times higher than the repairs rate of LRI Zone 3 and nearly 200 times the repairs rate of LRI Zone
4.
Consistent with the potable water pipes performance, more ductile materials and flexible pipelines
of the waste water network, such as PVC pipes, performed reasonably well showing low and
tolerable repair rates across LRI Zones 1 to 4. Conversely, brittle material pipes and less flexible
waste water pipelines of earthenware, asbestos cement, concrete, and reinforced concrete rubber‐
ring jointed show much higher repair rates particularly in zones of lower liquefaction resistance (LRI
Zones 0, 1 and 2). Note that some of the results for PVC and polyethylene pipes are based on small
number of pipes and hence the associated errors are significant and the evidence is inconclusive due
to these limitations of the subset.

Figure 10. Waste water repairs for all major pipe types (Asbestos Cement, Cast Iron, M‐Polyvinyl Chloride,
Concrete‐Lines Steel, High‐Density Polyethylene, Medium‐Density Polyethylene 80 and Galvanised Iron) in each
Liquefaction Resistance Index (LRI) Zone. (a) Total number of pipes in each LRI zone, and areas of no
liquefaction observations (NO). (b) Total pipe length (km) in each LRI zone, and areas of no liquefaction
observations (NO). (c) Repair rates for each LRI zone, with standard errors indicated. Also shown are number of
repairs (in italics) for each LRI zone.
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Figure 11. Wastewater repairs for each Liquefaction Resistance Index (LRI) Zone and pipe materials. (a) Total
number of pipes in each LRI zone, and areas of no liquefaction observations (NO). (b) Total pipe length (km) in
each LRI zone, and areas of no liquefaction observations (NO). (b) Total pipe length (km) in each LRI zone, and
areas of no liquefaction observations (NO). (c) Repair rates for each LRI zone, with standard errors indicated.
Also shown are number of repairs (in italics) for each LRI zone.
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5.3 Roads
The damage to the road network of Christchurch was evaluated in the same manner as the pipe
networks of the potable and waste water systems. For the road network three damage indicators
were used: road ‘failures’ (cracks, fissures and vertical offsets), undulations resulting in uneven road
surface, and uneven settlement or subsidence resulting in ponding of the roads. The summary
analyses in terms of rates of failures, occurrences of uneven surfaces or ponding plotted against the
LRI Zone are shown in Figures 12, 13 and 14.
Note that in many cases the data for the LRI Zone 0 is not representative for the performance of
roads in this zone because majority of this zone was declared a Red Residential Zone and hence was
outside the scope of damage evaluation and repairs. Having this potential anomaly in mind, by and
large, the three datasets show consistent trend of increase in rates of damage features with a
decrease in the liquefaction resistance of soils (or decrease in the LRI Zone number).
The data summary and interpretation also indicate that there is no significant difference in the
performance of roads for different road surfaces. Further analysis of road performance is presented
in Appendix B: Liquefaction Induced Damage to Roads in the 2010‐2011 Christchurch Earthquakes.
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Figure 12. Road pavement damage observations (fissures, cracks, vertical offsets and potholes) across LRI
zones. (a) Total number of roads in each LRI zone, and areas of no liquefaction observations (NO). (b) Total road
length (km) in each LRI zone, and areas of no liquefaction observations (NO). (d) Rate of mapped features for
each LRI zone, with standard errors indicated. Also shown are number of mapped features (in italics) for each
LRI zone.
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Figure 13. Road damage classified uneven surface for each Liquefaction Resistance Index (LRI) Zone and road
surface material. (a) Total number of roads in each LRI zone, and areas of no liquefaction observations (NO). (b)
Total road length (km) in each LRI zone, and areas of no liquefaction observations (NO). (c) Percentage of road
length affected, classified as uneven surface, for each LRI Zone. (d) Rate of mapped features classified as
uneven surface for each LRI zone, with standard errors indicated. Also shown are number of mapped features
(in italics) for each LRI zone.
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Figure 14. Road damage classified ponding for each Liquefaction Resistance Index (LRI) Zone and road surface
material. (a) Total number of roads in each LRI zone, and areas of no liquefaction observations (NO). (b) Total
road length (km) in each LRI zone, and areas of no liquefaction observations (NO). (c) Percentage of road length
affected, classified as ponding, for each LRI zone. (d) Rate of mapped features classified and ponding for each
LRI zone, with standard errors indicated. Also shown are number of mapped features (in italics) for each LRI
zone.
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6.0 Ongoing Analysis of the Waste Water System
The spatial distribution of waste water pipe types across Christchurch City is shown in Figure 15: the
system is comprised dominantly of gravity pipes, with pressurised sections delivering waste water
ultimately to the treatment plant at Bromley. Since the early 2000s, CCTV analyses of the gravity
pipes in particular have been conducted as part of regular network assessment and maintenance
(Figure 16a). Following 4 September 2010, CCTV inspections continued to determine the impacts of
this event on the network (Figure 16b). Following the 22 February 2011 event and the formation of
SCIRT as the primary horizontal infrastructure reconstruction organisation, an extensive programme
of CCTV assessments was conducted to determine the extent and nature of waste water damage
across Christchurch City (Figure 16c‐e). As of May 2014, 53% of the network had been assessed with
CCTV to determine structural damage, with 6% of this component also being assessed by
profilometer to determine loss of grade (Figure 17). One percent of the network was assessed by
profilometer only, to assess potential deformation and loss of grade of pipes comprised of ductile
HDPE and PVC materials.
Based on specific criteria (SCIRT 2012; 2013), CCTV damage observations were classified by SCIRT
into actions to be undertaken: renew (replacement of the entire pipe), repair (sections of a damaged
pipe patched or replaced) or no action (Figure 18). A significant percentage of observations were
abandoned, indicating that the CCTV survey had to be discontinued due to obstructions or pipe
damage, both of which can often be attributed to earthquake effects. A large portion of the
Residential Red Zone along the Avon River was unsurveyed, as this area was deemed unviable for
future residential land use, and CCTV analyses were unnecessary. Final decisions on courses of action
for specific pipes or groups of connected pipes were ultimately the responsibility of SCIRT design
teams, who also incorporated profilometer and other site‐specific information. While the CCTV data
were not necessarily the final determinant of reinstatement actions, these data, supplemented by
profilometer information, provide the most accurate assessment of pipe performance and physical
damage in response to transient and permanent ground deformation. Fifty‐four percent of
Christchurch’s waste water network has been assessed by either or both CCTV and profilometer,
providing a picture of post‐earthquake infrastructure performance unprecedented in detail.
A preliminary assessment of grade loss in selected areas of Christchurch is presented in Appendix A:

Investigation in to the loss of grade of the Christchurch Wastewater Pipe Network after the
2010-11 Earthquakes. Liquefaction severity played a large role in influencing pipe movement and
the extent of damage that observed. In terms of the performance of pipe materials, earthenware
pipes suffered dips over a shorter length and it is speculated that cracks and/or joint failure resulted.
Furthermore, UPVC pipes were found to have a much more flexible manner of movement and
resisted cracking by subjecting a greater length of pipe to the dip displacement. In liquefaction‐
susceptible areas, there was a tendency for these pipes to suffer a loss of grade when their trench
material consisted of locally excavated sands/soils. It was speculated that this is due to a ‘floating
effect’ of the pipes in liquefiable soils. However, further analysis of the trench materials, such as
AP20/AP40 mixtures, suggested that manhole movement in addition to liquefaction susceptibility
result in a loss of grade of pipes.
Within SCIRT, assessment of the impacts of earthquake damage on the remaining lifetimes of gravity
pipes has been investigated, with a methodology developed for assessing changes in remaining life
24

using a Likelihood of Failure process (Heiler and Apeldoorn, 2015). The Christchurch gravity network
has sustained an average reduction in remaining asset life of approximately 20 years as a result of
CES damage, with SCIRT repairs expected to return 15 years of remaining life to the network. Large
diameter pipes have sustained a larger reduction in asset life than smaller pipes, and there will be
further CCTV inspections of large diameter trunk to determine actual remaining asset life (Heiler and
Apeldoorn, 2015). Because of the attendant economic implications of changes in asset lifetime for
owners/managers, this is an emerging area of interest with significant implications for asset
management and maintenance in Christchurch and across New Zealand.
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Figure 15. Waste water network pipe types across in Christchurch City and Lyttelton Harbour, as of 4
September 2010.
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Figure 16. Locations of waste water CCTV analyses across Christchurch City and Lyttelton Harbour before the
CES (a) and after each major CES event through to May 2014 (b‐e).
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Figure 17. Post‐CES locations of CCTV and profilometer observations across Christchurch City and Lyttelton
Harbour.
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Figure 18. Assessment of actions (renew, repair, no action) for waste water pipes based on CCTV analysis.
Survey Abandoned denotes CCTV surveys unable to be completed in the field due to pipe obstruction/damage.
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The following is an overview of current and soon‐to‐be‐started research on Christchurch’s waste
water system:








Continuing analysis of waste water performance through the CES, based on CCTV data.
Current work is assessing performance as determined by observed structural damage, and
courses of action (renew, repair and no action) based on this physical damage. The
influences of pipe material, age, embedment depth and trench fill material on performance
are also being investigated.
Correlation of network component performance with measures of seismicity and ground
deformation. Specifically, CCTV structural damage observations from the 53% of Christchurch
City’s waste water network that has been surveyed (~20,000 pipes) comprise a voluminous
and detailed record of earthquake impacts. Individual earthquake damage observations for
the entire database will be geocoded for further spatial analysis, and correlated with PGA,
PGV, CSR(wt) and CSR7.5(wt), and the LRI. Correlations with LiDAR‐derived ground surface
deformation as measured by vertical distortion and horizontal strain will also be conducted,
in parallel with correlations with subsurface liquefaction behaviour using geotechnical
observations/data.
Production of damage curves based on correlations of observed physical damage with
seismic and ground performance measures. Such curves will able to be incorporated in
modelling platforms such as Riskscape, to assist asset managers in Christchurch, around New
Zealand and internationally, to inform decision‐making on improved system resilience. Such
modelling approaches will need to be informed by local geotechnical conditions, and the
expansion of the Canterbury Geotechnical Database in to the New Zealand Geotechnical
Database will assist in more realistic site‐specific modelling of system performance.
Expansion of research on changes in remaining asset lifetimes resulting from earthquake
impacts. More CCTV data from large diameter pipes will be captured, and the Likelihood of
Failure methodology applied to this dataset to better inform Christchurch City Council’s asset
managers on pipe lifetime reductions. As the methodology is refined, guidelines will be
developed to assist waste water asset managers in New Zealand and internationally to plan
for and manage earthquake impacts.
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Appendix A: Investigation in to the loss of grade of the Christchurch
Wastewater Pipe Network after the 2010‐11 Earthquakes
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Appendix B: Liquefaction Induced Damage to Roads in the 2010‐2011
Christchurch Earthquakes
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