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ABSTRACT

The Canterbury Earthquake Sequence (CES) adversely impacted built, economic and social environments.
This included widespread physical damage to the water supply pipe network in Christchurch, resulting in long
service disruptions. The transient and permanent ground deformations generated by the earthquakes in the CES
caused a range of pipe damage, particularly in the Mw 6.2 22 February 2011 and the relatively less damaging
Mw 6.0 13 June 2011 event. Damage to the pipes in both events was largely attributed to liquefaction and lateral
spreading effects. Pipes made of ductile material (e.g. PVC, HDPE) sustained lesser damage (and therefore
lower repair rates) compared to the pipes made of non-ductile material (e.g. AC, ClI). In all cases, the repair
rates (number of repairs per kilometre) typically increased with increasing liquefaction severity.

Utilising the pipe repair dataset and Liquefaction Severity Number (LSN) maps generated from extensive
geotechnical investigation following the CES events, new repair rate prediction models for water pipes
subjected to liquefaction effects have been derived and are presented in this paper. Repair data from both
earthquakes has been analysed independently and in combination, providing two sets of repair rate functions
and different levels of uncertainty. Repair rate functions were first derived from pipes grouped by
combination of diameter (i.e. ¢ <75 mm or ¢ > 75 mm) and material type (i.e. ductile or non-ductile). The
models were then refined by adding correction factors for those material types and diameters with sufficient
sample length. Correction factors were derived for AC, CIL, PVC pipes of diameter >75 mm and for MDPE
and HDPES8O pipes of diameter <75 mm. Galvanised Iron (GI) pipes performed poorly during the
earthquakes, resulting in very high repair rates compared to the other non-ductile pipes of diameter <75 mm
damaged in the network; this warranted a separate repair rate model to be developed for this pipe type. The
proposed models can be used in risk assessment of water pipe networks; i.e. to estimate the number of pipe
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repairs from potential liquefaction damage from future earthquakes.

INTRODUCTION

Pipes are an integral part of water supply networks that are
vulnerable to natural hazards such as earthquakes [1-6]. As
extensively documented in the literature (e.g. [7,8]), Christchurch
city and the surrounding areas were shaken by a series of strong
earthquakes in the period between September 2010 and
December 2011. This included the primary earthquake on 4%
September 2010 (Mw 7.1 event), followed by major aftershocks
such as the Mw 6.2 22" February 2011 and the Mw 6.0 13% June
2011 earthquakes that caused significant and widespread damage
to the city’s land and built environment. A key characteristic
associated with the February and June 2011 earthquakes was the
strong shaking accompanied by widespread and severe
liquefaction in many areas in Christchurch city. It was observed
that the buried water pipes were generally subjected to transient
ground deformations (TGD, induced by seismic wave
propagation) and permanent ground deformations (PGD, mostly
due to liquefaction effects such as large vertical and/or lateral
ground displacements, cracks and fissures). These deformations
were often above the capacity of the pipelines to sustain
such movements/loads, thereby resulting in wide-spread and
numerous pipe faults (i.e. leaks or breaks) due to rotation and/or
axial compression in the pipeline bodies and joints [9,10]. Of the
two types of deformations, PGDs significantly affected the pipes
compared to the effect of TGDs [10,11] In this paper we focus on
fragility model development based on data relating to water pipes
damaged due to PGD (in particular, liquefaction effects

represented by the Liquefaction Severity number, or LSN) from
the 22" February and 13 June 2011 earthquakes.

Empirical fragility models for pipes are typically in the form
of pipe repair rate models, where Repair Rate (RR) is expressed
as number of repairs per kilometre of pipeline exposed to the
hazard. The severity of liquefaction effects can be represented
using direct measures of the PGD (e.g. vertical settlements,
angular distortions, lateral ground strains, etc.) or other
parameters such as the Cone Penetration Test (CPT)-based
liquefaction wvulnerability parameters (e.g. Liquefaction
Severity Number) [12].

Observed permanent ground deformations due to liquefaction
effects have been used by several authors [13-20] to derive RR
functions using damage data from historical earthquakes (see
Table 1). In the CES events, pre- and post-event high-resolution
Light Detection and Ranging (LiDAR) data were available; high-
resolution measurements of the angular distortion (B) and lateral
ground strains (¢HP) after the 22 February 2011 and 13 June 2011
earthquakes were used by [10,21] to derive RR models. B is
defined as the observed differential vertical movement between
two adjacent points separated a defined distance, whereas ¢HP is
the maximum absolute value of the ground strain. Due to the lack
of predictive models for these direct displacement metrics, these
models are not favourable for use in pipe damage modelling
[11,22].
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Table 1: Summary of studies that have proposed PGD-based Repair Rate (RR) models for water pipes. Complete names of the
pipe materials are given in the list of acronyms.

Study Earthquakes Pipe Diameter . . Functional Form
Reference PGD Measurement Causing the Damage (d) Pipe Materials of RR Model
Angularaﬁhs/tgrmon ) Christchurch CES
[10] . (22 February 2011, 13 >75 mm AC, CI, PVC Linear
Lateral ground strain
June 2011)
(enp)
. . CIL, RI, S, WS, DI
Ground settlement 1906 San Francisco Mains SR -
[13] contours 1989 Loma Prieta (100-450 mm) W'.th ”g'q 10|r_1t§ DI Bi-linear
with flexible joints
[14] Observed differential 1985 Mlc_hoacan, 122 cm Undifferentiated Bi-linear
settlement Mexico
None, partial and total 1995 Hyogoken- DIP, CIP, VP, SP, .
[15.16] liquefaction (as in [15]) nanbu, Kobe >75 mm ACP Bi-linear
Observed vertical 1995 Hyogoken- Generic (derived
nanbu (Kobe), 1994 . .
settlement, lateral . Mains using AC, CI, WS, .
[18,19] - - Northridge, 1989 Exponential
spreading and tectonic L Prieta. 1971 (100-450 mm) S, Dl and PVC
uplift oma Prieta, data)
San Fernando
Ductile (DI, S,
[20] Observed PGD Not defined Not specified PVC) and brittle Exponential
(AC, Cl, RCC)
Angular distortion (B) .
[21] and/or Lateral ground Christchurch CES >75 mm AC, CI, PVC Linear

strain (exp)

(22 February 2011)

Liquefaction triggering analysis methods [23-25] are commonly
used to evaluate the potential of a saturated soil layer to be
liquefied. The safety factor against liquefaction (FSiq) is
expressed as the ratio between the resistance of the soil against
liquefaction (or Cyclic Resistance Ratio of the soil (CRR)) and
the earthquake induced load, expressed in terms of cyclic shear
stress (CSR):

CRR

FSuq =

1)
CRR is calculated using the Cone Penetration Test (CPT) tip
resistance and sleeve friction, corrected for effective overburden
stress using an iterative procedure. CSR is function of the normal
and effective overburden stress, the peak ground acceleration
(PGA), and the magnitude scaling factor. According to the
method, liquefaction can be expected to occur when FS<1.

Liquefaction Resistance Index (LRI; [26]), Liquefaction
Potential Index (LPI; [27]), One-Dimensional Volumetric
Reconsolidation Settlement (SV1D; [28]) and Liquefaction
Severity Number (LSN; [28]) are all liquefaction vulnerability
parameters that have been used to derive RR functions (Table
2). These parameters are based on the liquefaction triggering
analysis methods [23-25] that require detailed information
about the subsurface conditions; the complexity of the
liquefaction phenomena makes these methods subjected to
large uncertainties due the local variability in the lithological
conditions [29]. A brief overview of the four parameters and
their use in RR models is provided below.

LRI is a representation of the aggregated CRR of soil layers up
to 3.5 m below ground surface, weighted by PGA and
earthquake magnitude. This parameter has been exclusively
used to characterise the CES earthquakes. For example,
Cubrinovski et al. [30] defined five liquefaction severity zones
in Christchurch and calculated the number of repairs per
kilometre of pipeline within each zone for different materials.
However, this study does not provide regression models or
differentiate the pipe diameters used in the assessment. The
same LRI zones were used by [31] to derive Peak Ground

Velocity (PGV)-based RR functions for high, average and low
performance grouped pipes, as well as separate functions for
pipes made of specific materials. Liquefaction effects were also
included in [31] study through correction factors for the CRR at
the estimated ground water depth.

LPI was proposed by [27] to parametrise the expected severity
of liquefaction. Its value ranges from O to around 100, covering
from no to severe effects of liquefaction. The method to
calculate LPI utilises the safety factor against liquefaction (FS,
[23-25]) along with the liquefied layer thicknesses and depths.

SV1D ([28]) is an estimator of the expected vertical ground
settlement of liquefaction at the surface level. It is calculated
through the integration of the vertical volumetric strain of the
soil layers below the ground surface. The analysis carried by
[32] showed that SV1D is not a good predictor of ground
subsidence but is recommended as an index of the expected
liquefaction damage at the ground surface.

LSN ([28]) reflects how severe the effects of liquefaction are
expected to be, and its value ranges from 0 (for no liquefaction
effects) to a large value (e.g. 50 where extreme permanent
ground deformations are expected). This parameter has been
shown to correlate well with land and built infrastructure
damage [28,32-35] and, in particular, with damage to buried
water pipes [11,36,37]. It is calculated as the summation of the
volumetric densification strain (ev) expected in the liquefiable
layers up to 10 m soil depth (z), below the ground water table:

LSN = [~ dz )

Here, ev is assessed from liquefaction triggering analysis [23-
25], and it is function of the ground shaking level and the
earthquake magnitude. More details on the above can be found
in the literature (e.g. [28, 33-35]). As lateral spreading is
normally assessed as a function of the ground slope and the
proximity to a free face [38], LSN is not considered to be
representative of liquefaction-induced horizontal
displacements.
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Table 2: 2011 Christchurch earthquake-based studies that have proposed liquefaction vulnerability parameters-based Repair
Rate models. Complete names of the pipe materials are given in the list of acronyms.

Study Hazard Earthquakes Causing Pipe Diameter . . .
Reference Parameter/s the Damage @) Pipe Materials Functional Form
SV1iD;
[11] LPI; 22 February 2011 75-600 mm AC, CI, PVC Linear
LSN
[21] PGL\g,f‘l”d 22 February 2011 100-600 mm AC, CI, PVC Linear
22 February 2011 AC, CI, PVC,
[30]* LRI 13 June 2011 Not specified CLS, GI, MDPE -
23 December 2011 and HDPES80
80-300 mm
AC, Cl and PVC);
PGV and CRR 22 February 2011 (AC, ' AC,CI,PVC, GI
[31] less than 80 mm (i o Corrected power
(at GWD) 13 June 2011 (GALV, HDPE and HDPE, MDPES80
MDPES0)
[36]* LSN 22 February 2011 Mains (>75 mm) Ductile and non- i

13 June 2011

ductile

*Does not provide Repair Rate models using a functional form. Instead, Repair Rates (or total number of repairs per kilometre) are provided for
liquefaction severity index ranges.

LSN, SV1D and LPI parameters were used by [11] to derive RR
models for AC, Cl and PVC pipes of diameters ranging from
75 to 600 mm. The models were derived using repair data
related to the 22 February 2011 earthquake and the results are
presented for the 15™, 50 and 85™ percentiles of the CRR.
Other studies using LSN data from the Christchurch events are
[36] and [37]; the former work includes LSN as an additive
factor for PGV-based RR models for AC, Cl and PVC pipes
with diameters between 100 and 600 mm, and the latter study
provides RR (for pipes grouped by diameter and material type)
for broad LSN ranges.

As can be seen from Table 2, there is scope for improvement of
some of the existing LSN-based RR models and/or gaps in
works that can be filled, such as: (1) LSN-based RR models in
[11] for AC, CI and PVC pipes are based on data from pipes of
diameters between 75 and 600 mm that were exposed to the
February 2011 event. Approximately 50% of the total pipe
length in the network was represented by pipes of diameter less
than 75 mm, and many of those pipes also got damaged in the
Christchurch earthquakes ([37]); and (2) Most of the existing
models are based on data relating to the February 2011 event
only. The use of a combined repair dataset (i.e. from both the
22 February and 13 June 2011 events) gives the opportunity of
increasing the exposure length of pipelines of different
diameters and materials.

In the present study, we have re-analysed the pipe repair data
relating to the Christchurch water supply network that was
affected by the 22 February and 13 June 2011 events and derived
new LSN-based RR models. Details on these are provided in the
following sections.

WATER SUPPLY PIPE NETWORK DATA

Pipe information for the current work utilises the data collected
as part of an earlier study [37]. The database included
approximately 3,500 km of water pipelines (in total), with pipes
made of different materials and of diameters (¢) ranging
between 20 and 600 mm. Figure 1 shows the total length of the
pipeline in the network distributed into pipes grouped by
diameter and material ductility type, and Figure 2 shows its
geographical distribution. Of the 1,723 km pipes of ¢ <75 mm,
about 85% of this pipe length was made of ductile material
type (remaining 15% was made up of non-ductile material). The
proportion of ductile material pipes in ¢ >75 mm group was

about 37% (of 1,776 km), with the remainder in this diameter
group (i.e. 63%) represented by pipes made of non-ductile
material.
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Figure 1: Distribution of the total pipe length in the water
network.

Repair data relating to the damaged water pipes in the network
was compiled by the Stronger Christchurch Infrastructure
Rebuild Team (SCIRT) and provided by Christchurch City
Council (CCC) [37]. In general, limited information about the
type of repair or cause (e.g. leak or break) was available, but the
inspection dates or repair request dates noted by the restoration
crews were generally included. This information was helpful
to relate an earthquake to an observation of damage and
subsequent repair. As suggested in other studies dealing with
similar pipe restoration data (e.g. [10,11]), the cumulative number
of repairs as a function of time right after the event follow a
pattern of an initial high rate of repair, followed by a transient
state with an intermediate repair rate and, finally, a steady state of
repair with a rate close to the pre-earthquake repair rate (i.e.
‘business as usual’). The beginning of the steady state of repair is
considered to show when the repair period associated with the
event ends. This tri-linear trend was identified in the collected
repair data. For the 22 February 2011 earthquake, the change to a
steady state of repair was found to occur around 15 April 2011;
therefore, repairs identified in the inspection process before 15
April 2011 were considered pipe faults related to the February
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earthquake. For the 13 June 2011 event, the onset of transition to
the steady state occurred approximately two months after the
earthquake (i.e. repairs taken until the 13 August 2011 were
considered related to the June event).

LIQUEFACTION SEVERITY NUMBER (LSN) MAPS

As mentioned earlier, the damage to Christchurch’s land and built
environment was largely caused by permanent ground damage,
including liquefaction and lateral spreading in areas close to
rivers, wetlands and estuaries. Extensive studies were undertaken
following the CES earthquakes to assess the vulnerability of flat
land to liquefaction damage and lateral spreading damage (see
[28,32-35,39]). LSN maps relating to the 22 February and 13 June
2011 events were produced by Tonkin & Taylor using data from
around 15,000 CPT soundings (where 95% of them were deeper
than 10 m). The method from [41] was used in the liquefaction
potential analysis; the 15", 50t and 85™ percentiles of the CRR
were used to calculate the volumetric strain of the soil layers and
corresponding LSN values at each site. PGA values recorded for
each event and interpolated using the conditional probability
interpolation method [41], and ground water level models for the
events [28], were used in the calculation. Given that LSN
calculations include ground shaking intensities, magnitude and
ground water conditions, the expected level of severity for a given
LSN value is taken consistent between earthquakes, thus
allowing the combination and comparison of damage datasets
from different events. The close spacing in time between the 22™
February and the 13 June events could have potentially affected
the liquefaction severity due to repeated densification of the soil
layers (the volumetric densification under further cyclic shearing
should reduce as the material densifies); however, this effect was
not considered in the calculation. Due to the even distribution of
CPTs in the area, a natural neighbour interpolation process,

weighted by distance, was carried out between the CPT sites. The
resulting maps, in raster format, had a resolution of 10 m and
covered the areas shown in Figure 3a and b for the February and
June events, respectively. It should be noted that the LSN maps
cover most (but not all) of the areas in the city affected by
liquefaction. Only the portion of the network covered by the LSN
maps (Figure 3) was used in the RR model development. Also, as
noted before, LSN is not representative of lateral spreading
effects as this is not sensitive to slope variations or proximity to
a free face. Therefore, portions of the network in areas where
severe lateral spreading effects was observed [28] are not
included in the calculations.

The pipe network was divided into segments and spatially joined
to the 501 percentile CRR LSN maps. With this, each segment
(having length equal to or less than 20 m to be able to capture the
variability in the LSN values across the area) was assigned the
LSN value at its location (i.e. centroid of the segment). The repair
data were also spatially mapped to the pipe layer; Figure 4 shows
the repair distribution of pipes within and outside the LSN map
coverage.

The LSN maps covered approximately 34% of pipelines of ¢
<75 mm (i.e. 588 km out of 1,723 km) and 30% of pipelines of
¢ >75 mm (i.e. 532 km out of 1,776 km). For the February event,
the LSN map covers about 64% of the repairs made to the pipes
of ¢ <75 mm (i.e. 983 out of 1,535 repairs registered in the whole
network) and 70% of the repairs registered under pipes of
¢ >75 mm (1050 out of 1,487 repairs in the whole network). For
the June event, the LSN map covers 64% of the repairs made to
pipes of ¢ <75 mm (i.e. 229 out of 358 repairs in the whole
network) and 65% of the repairs registered under pipes of ¢
>75 mm (i.e. 249 out of 383 repairs in the whole network).
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Figure 2: Spatial distribution of ductile and non-ductile pipes of: (&) diameter ($) equal or greater than 75 mm; and
(b) diameter ($) less than 75 mm.
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Figure 3: 50 percentile LSN for the 22 February (A) and 13 June (B) 2011 earthquakes.
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Figure 4: Number of pipe repairs relating to 2011 Christchurch earthquakes: (a) 22 February event; and (b) 13 June event.

Table 3: Repair Rate statistics for water pipes affected during the 22" February 2011 and 13™ June 2011 Christchurch

earthquakes.
Christchurch Water Areas within the Areas with Areas with no
Supply Network LSN Maps Liguefaction Observed Ligquefaction Observed
M(?:S,LISI/ L(eknr?]';h RR L(e;r?]';h RR L(e;r?];h RR L(e;r?];h RR

- Feb  Jun - Feb Jun Feb Jun Feb Jun Feb Jun Feb Jun
All 3499 088 022 1094 1.83 0.43 1084 1050 1.89 045 2331 2367 0.39 0.09
Ductile 2074 038 0.11 678 073 021 662 661 079 021 1411 1416 0.18 0.05
Non-ductile 1130 113 0.28 325 279 065 334 310 276 064 795 817 044 0.13
AC 902 113 0.27 225 33 078 236 223 31 073 667 678 04 014
Cl 227 111 031 100 167 034 98 86 194 043 129 140 047 0.24
PVC 272 0.29 0.07 82 066 018 81 78 069 019 191 193 0.11 0.03
HDPE 923 0.49 0.14 339 075 024 337 330 08 021 58 593 028 01
MDPES0 461 0.21 0.05 138 051 0.07 133 144 054 0.09 328 321 0.09 0.02
Gl 211 454 0.95 91 715 149 88 78 734 177 124 133 153 047

As damage related to liquefaction is assumed not to occur or is
negligible at LSN = 0, only those pipe segments with LSN>0
were considered for RR model development. Within the areas
covered by the LSN maps, only 1.5 km of pipes of ¢ >75 mm
was located where LSN = 0; this represents less than 0.3% of
the total exposure length in this diameter group (532 km).
Similarly, less than 0.3% (1.6 km) of the pipes of ¢ <75 mm
(exposure length of 588 km) are located where LSN = 0. None
of these pipes in LSN = 0 areas suffered damage; the reason for
this is deeper ground water levels and more dense soil layers
lead to lower or negligible permanent ground deformations.

Table 3 provides a summary of the mean repair rates for pipes
damaged in 22" February and 13™ June 2011 Christchurch
earthquakes. As expected, the non-ductile group and AC, Cl and
Gl materials show larger RRs than the ductile group and PVC,
HDPE and MDPESO. RR values in areas where liquefaction was
observed (as reported in [41]), is several times larger than those
RR in areas where no liquefaction was observed, and pipe
damage can be attributed to transient ground deformations.
Similar results have been shown in other studies [10, 11] for the
22" February 2011 event.

Also, consistent with the larger intensity of the shaking and the
consequent increased liquefaction severity, the February event
caused more damage to the pipes (resulting in higher repair rate)
than the June event, as shown in Table 3.

PIPE FRAGILITY MODEL DEVELOPMENT

The first step for deriving RR models consisted in calculating
the mean RR within LSN bins of equal size. In order to remove
extreme repair rate that can arise from low sample sizes (i.e.
short total lengths), the calculated repair rates were put through
a screening criterion (described in [10]). The screening method
assumes that the damage data follows a Poisson distribution and
defines the minimum sample length required for using the
grouped data with a confidence interval of 90% and a standard
deviation of 50%. We developed an optimisation algorithm to
maximise the number of data points included in each regression.
The algorithm iterates through all possible LSN bin sizes and
selects the minimum bin size where all of the points pass the
screening criteria. Figure 5 shows the RR points for pipes of
different materials that passed the screening criteria. The figure
shows that the repair rate typically increases with liquefaction
severity and that the non-ductile pipes sustained more damage
than pipes made of ductile material. In general, the repair rate
obtained using the combined dataset (Figure 5a) show lower
repair rate than those obtained using the February dataset only
(Figure 5b). This should be expected, as repair works following
the February event strengthened the network, making it more
resistant against the June event.
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Figure 5: Mean repair rate (i.e. RR = number of pipe repairs/km) from: (a) 22 February event dataset; (b) 22 February and 13
June events combined dataset. Pipes made of ductile and non-ductile material are respectively shown in red and blue.

Table 4: Equation (3) parameter values.

22 February Event Dataset

Diameter (¢p) Group Material Group ao bo 6mo
Generic 1.023 0.049 0.965
¢>75 mm Ductile -0.020 0.055 0.277
Non-ductile 2.065 0.044 0.308
Ductile 0.301 0.023 0.062
<75 mm )
Galvanised Iron 3.950 0.205 0.702
22 February and 11 June Event Combined Dataset
Diameter (¢) Group Material Group ao bo Omo
Generic 0.460 0.049 0.637
¢>75 mm Ductile -0.034 0.044 0.173
Non-ductile 0.954 0.054 0.192
Ductile 0.129 0.022 0.153
0<75 mm )
Galvanised Iron 1.459 0.233 0.644

Four regression methods (linear, exponential, polynomial and
natural log) were explored to fit the RR vs. LSN datapoints.
Due to the linear trend observed in the data points, and because
the Ordinary Least Squares (OLS) linear fit was found to provide
smaller standard deviation on the residuals than other options,
the OLS method was chosen to develop the repair rate functions.

As explained earlier, LSN combines the geotechnical
characteristics of the soil layers and ground water conditions at
a site for a given earthquake shaking and magnitude; similar
liquefaction severity (i.e. land damage) is expected at all sites
with the same LSN value. Based on this assumption, two sets
of RR models were derived in this study: First, using the repair
dataset and LSN map associated with the 22 February event,
and, second, by combining the datasets from the 22 February
and 13 June events. The combined dataset from both earthquake
events increased the exposure length, also helped reduce any
potential bias from considering only a single event.

For each of the two datasets explained above, two sets of RR
models were developed: (a) models based on pipes grouped
by diameter and material ductility; and (b) material-specific
RR models. Details of these models are explained below.

Repair Rate Models based on Grouped Pipes

Prior to developing RR models for pipes of specific material,
RR models were derived based on data from pipes grouped by

diameter (i.e. ¢ <75 mm or ¢ >75 mm) and material type
(i.e. ductile or non-ductile). To avoid those materials with larger
total lengths having more weight in the generic equation, these
models were derived using weighted mean data pairs calculated
for the ductile and non-ductile material groups.

The OLS regression method was used to derive all RR models
(Figure 6); the general form of the models is given by Equation
3. Here, parameters ao and bo and the standard deviation of the
residuals (omo) for each set of models are provided in Table 4.

®)

Note that a large proportion of non-ductile pipes of ¢ <75 mm
in the network is represented by Gl pipes (see Figure 1). These
pipes performed poorly during the earthquakes, having repair
rate several times the mean repair rate of pipes of other
materials (Table 3). Therefore, Gl pipes were excluded from the
grouping and a separate class was created for them as shown in
Figure 6d. Also included in Table 4 and shown in Figure 6 are
‘Generic’ repair rate models that were derived from combining
pipes of all material types in the ¢ >75 mm group dataset. These
models can be used to estimate RRs in cases where pipe
diameter is known but no information on the pipe material is
available for damage modelling.

RR = dg + b() LSN
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Figure 6: Proposed repair rate (RR) models for: A), B), ductile, non-ductile and generic groups with ¢>75 mm derived from the
22 February event dataset and 22 February and 13 June events combined dataset, respectively; C) ductile group with $<75 mm
for ductile pipes; and D) galvanised iron (GI) pipes with $<75 mm. Unfilled triangles represent the data points used for the
February event regressions, whereas filled triangles correspond to February and June event combined datasets.

Table 5: Equation (4) parameter values.

22 February Event Dataset

Diagn:gzg(q)) Pipe Material ao bo a1 b1 Gme

AC 2.065 0.044 0.764 -0.018 0.303

¢>75 mm Cl 2.065 0.044 -1.393 0.023 0.402

PVC -0.020 0.055 -0.827 0.046 0.583

HDPE 0.301 0.023 0.028 0.004 0.075

#<73 mm MDPES0 0.301 0.023 -0.125 -0.004 0.142
22 February and 11 June Event Combined Dataset

Diaé":;ﬁ;)(q)) Pipe Material ao bo a1 b1 Omc

AC 0.954 0.054 0.462 -0.01 0.266

6>75 mm Cl 0.954 0.054 -0.841 0.011 0.230

PVC -0.034 0.044 -0.595 0.030 0.322

HDPE 0.129 0.022 0.024 0.004 0.136

<75 mm MDPES0 0.129 0.022 -0.122 -0.002 0.058

Material-Specific Repair Rate Models

In order to develop RR models for pipes made of specific
material (AC, ClI, PVC, HDPE and MDPES80), we derived
correction factors by fitting the residuals between the
relationships of each material and diameter group and the
datapoints for the analysed material type. OLS linear
regression was again used in the residuals fit. The screening

criterion was again applied here to ensure that the minimum
sample size requirement was met.

The general form of material-specific repair rate models is
given by Equation 4. Here, a1 and b1 are the material-specific
correction factors (Table 5), and a0 and bo are the factors from
Table 4. The uncertainty of the material-corrected models (omc)
was obtained by calculating the standard deviation of the
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residuals between the corrected models and the data points for
pipes of specific material.

RR = dg + boLSN + dq + blLSN (4)

Among the non-ductile pipes of ¢ >75 mm, AC pipes show
the highest repair rate, especially in the lower LSN ranges
(see Figure 7). It is shown in previous studies (e.g.
[19,38]) that collar joints in AC pipes are particularly sensitive
to differential settlements, causing angular distortions.
A common failure type in these pipes is cracking at the joints.
Compared to AC pipes, the CI pipelines have better resilient
joints and pipe body made of increased wall and shell thickness
[10] that help restrict damage. The PVC pipes (i.e. of ductile
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category) of ¢ >75 mm performed better (shown by lower RR,
see Figure 7a-b) than the AC and CI pipes. This better
performance could be attributed to their higher ductility and
longer insertion lengths at the joints [11]. The RRs for AC, CI
and PVC pipelines converge at high LSN values, suggesting
that large deformations affect all materials similarly. The
above observation can be seen in results obtained using the
February dataset, as well as with RR calculated using the
February and June combined dataset.

From the pipe group of ¢ <75 mm and made of ductile material,
MDPEBSQ pipes show the best performance (i.e. lowest RRs; see
Figure 7c and 7d), being close to HDPE pipelines at the low
LSN range and diverging with increasing LSN values.

45

=== AC: Feb. and June
40 Cl: Feb. and June
35{ = PVC: Feb. and June

Repairs/km
- = 5] %) L
[=] (¥, ] [=1 [V, (=]
1
h
1
i
|
L
b 1
i
\
LY
)
i
4 \
.‘ A
. -

=
w
\
P ]

=
(=]

)
-
n
=
L
[=]

=== HDPE: Feb. and June
MDPESD: Feb. and June

a o R Rk R
" T = T R N
A
\
4
\
1
\
'
A
1 \

Repairs/km
A

=

ES
\
\

1

\

v

[=]

%]

L -
s

¥ & < 75mm

00

0 5 S I 0 5 £l I3 AW
D) LSNS0

Figure 7: Proposed material-specific RR models for: A), B) AC, Cl and PVC pipes with $=75 mm; C), D) HDPE and MDPE80
pipes with ¢$<75 mm. Datapoints and RR models in A and C correspond to the 22 February event dataset whereas those in B and
D correspond to the 22 February and 13 June events combined dataset.
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A boxplot of the residuals for all models derived in this study is
shown in Figure 8. It can be observed that the uncertainties
are reduced when the February and June event datasets are
combined, thereby providing better RR models compared to
those based on only the February event dataset.

As summarised in Table 2, a limited number of published
studies can be directly compared with the proposed LSN-based
RR models proposed in this study; Table 6 shows a comparison
between the mean RR given for different LSN ranges in this
study and those in [11] and [37]. Normalised residuals between
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the models presented here and the referenced studies are shown
in Figure 9. Models in [11] using the 50" percentile of the CRR
show slightly higher RR estimations (i.e. negative residuals) for
AC and PVC with a maximum difference in RRs of 16%,
whereas CI pipes show lower RR with a maximum difference
of 22%. The RR results from models in [37] show larger
variability, especially for ductile submains. These lower RR
estimations (i.e. positive residuals) should be expected, as the
LSN maps in [37] correspond to the 15! percentile of the CRR,
whereas the current study used the median CRR based LSN
maps.

Table 6: Comparison of mean RR based on models proposed in this study and other published studies:
(a) results based on models in [11], (b) results based on models in [37].

a) This Study [11]
Materials AC Cl PVC AC Ci PVC
Diameters @ >75 mm ® >75 mm @ >75 mm @ >75 mm @ >75 mm @ >75 mm
0-10 2.5 1.2 - 2.9 1.0 -
10-20 2.9 1.8 0.6 3.2 1.7 0.7
LSN Range 20-30 3.3 24 15 35 2.3 1.7
30-40 3.7 3.0 2.4 3.8 3.0 2.7
40-50 4.1 3.6 3.3 4.1 3.7 3.7
b) This Study [37]
Materials Ductile Non- Ductile Gl Ductile Non- Ductile Gl
ductile ductile
Diameters ®>75mm ®>75mm ®<75mm ®<75mm ®>75mm ®>75mm d <75 mm d<I5 mm
0-5 0.1 2.2 0.4 4.5 - 2.8 - -
5-15 0.5 25 0.6 6.0 0.3 18 0.5 4.2
LSN 15-25 11 2.9 0.8 8.1 05 2.4 05 6.0
Range
25-35 1.6 3.4 1.0 10.1 0.6 2.5 0.7 6.4
35-45 2.2 3.8 1.2 12.2 - 2.3 - -
100 ]
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Figure 9: Residuals between RR calculated from models proposed in this study and from [11] (triangles) and [37] (squares).
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CONCLUSIONS

The transient and permanent ground deformations generated
by the Mw 6.2 22 February and Mw 6.0 13 June 2011
Christchurch earthquakes severely damaged buried water pipes
in some areas of the city, resulting in high repair rate (number
of repairs per kilometre of pipe exposed to hazard). Most of the
damage to pipes was attributed to liquefaction related
permanent ground displacement. Pipes made of ductile material
(e.g. PVC, HDPE) sustained lesser damage (and therefore
resulted in lower repair rate) compared to the pipes made of
non-ductile material (e.g. AC, CI). In all cases, the repair rate
increased with increasing liquefaction severity.

Utilising the LSN maps and pipe repair data relating to the two
events, new repair rate models were developed and presented in
this paper. The consistency between LSN calculations between
events permitted combining the damage data from February
and June, extending the sample length and reducing the
uncertainties in the regressions.

Repair Rate functions were derived for pipes grouped by
diameter (i.e. ¢ <75 mm or ¢ >75 mm) and material type
(i.e. ductile or non-ductile). The models were then refined by
adding correction factors for those material types with sufficient
sample length, enabling material-specific repair rate models to
be developed (i.e. for AC, CI and PVC pipes of ¢ >75 mm and
for MDPE and HDPES8O pipes of ¢ <75 mm). GI pipes
performed poorly during the earthquakes, resulting in very high
repair rate compared to the other non-ductile pipes of ¢ <75 mm
damaged in the network; this warranted a separate repair rate
model to be developed for this pipe type.

The proposed repair rate models can be used to estimate the
number of pipe repairs on buried water pipes due to potential
liquefaction damage from future earthquakes in other urban
areas. The input requirements for use of the proposed models
are: (1) LSN map for the region of interest [e.g. 42]; and (2)
spatial data relating to the water supply pipe network in the
region, including pipe diameters and materials. The output
produced by using the proposed RR models can provide better
understanding of the vulnerability of the pipe network, will help
to prioritise resilience investments, contribute to preparing
emergency response and recovery plans.
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AC — Asbestos Cement

Cl — Cast Iron

CES - Canterbury Earthquake Sequence
CLS — Concrete-Lined Steel

CPT — Cone Penetration Test

CRR — Cyclic Resistance Ratio

DI — Ductile Iron

Gl — Galvanised Iron
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HDPE — High-Density Polyethylene
LRI — Liquefaction Resistance Index
LSN — Liquefaction Severity Number
MDPES80 — Medium-Density Polyethylene 80

42

43

Rosser BJ and Dellow GD (2017). “Assessment of
Liquefaction Risk in the Hawke’s Bay. Volume 2:
Appendices for Volume 1”. GNS Science Consultancy
Report 2015/186, Lower Hutt, New Zealand, 64 pp.

Cubrinovski M, Hughes M and O’Rourke TD (2014).
“Impacts of liquefaction on the potable water system
of Christchurch in the 2010-2011 Canterbury (NZ)
earthquakes”. Journal of Water Supply: Research and
Technology — Aqua, 63(2): 95-105.
https://doi.org/10.2166/aqua.2013.004

PGA — Peak Ground Acceleration

PGD - Permanent Ground Displacement

PGV - Peak Ground Velocity

PVC — Polyvinyl Chloride
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RR — Repair Rate (number of repairs per kilometre)
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TGD — Transient Ground Deformations
UPVC — Unplasticised Polyvinyl Chloride
WS — Welded Steel

B — Angular Distortion

¢HP — Lateral Ground Strains
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