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Liquefaction Ejecta Case Histories for 2010-11 Canterbury Earthquakes

Table 1: Site Description for Shirley Boys’ High School (CC LIQ 35 - CPT 56468).

Yes/No Symbol in
Attribute 10-m 20-m 50-m | Description/Date F}i’ ure 1
Buffer | Buffer | Buffer &
Near a bodv of The center of the site is ~200 m to the
surface wai,er or NW from the unnamed stream (the
other free face No No No free-face heightis ~3 m) and ~660 m | NA
features? to the NW from the Avon River (the
' free-face heightis ~ 1.5 m).
Lateral spreading .
observed during No No No E}?;er;? spi;ea;iel:rivlvas not observed by NA
the CES? pping team.
Nearbv buildines Building coverage of the 50-m buffer is | White Fill +
or strli/ctures7 & No No Yes 1%. Buildings are in the N portion of Brown
' the 50-m buffer. Outline
Sloping land? No No No Flatland, open field + residential area | NA
Step changes in
the ground No No No NA NA
surface?
Retaining walls? No No No NA NA
Trees and bushes cover 12% of the 50- | White Fill +
Vegetation? No No Yes m buffer. They are in the N portion of Green
the 50-m buffer. Outline
Vegetation removal from the N portion Buildin
of the 50-m buffer between Jan 2006 cing
L Addition:
. and Mar 2009. Land resurfacing in Dec
Anthropogenic . Orange
changes to the 2011 in all quadrants of all buffers. Outline:
. Yes Yes Yes Land resurfacing in the NE, NW, and SE g
site between the . Vegetation
: quadrants of all buffers in Jan 2015.
LiDAR surveys? o as e . Removal:
Building addition in the E portion of Green
the 50-m buffer between Sep 2015 and Crossline
Nov 2015.
Other important Yes Yes Yes The sports field may be subject to re- NA
factors? grassing.

Note: Buffer is the area within a circle of a specified radius with CPT investigations done at its center

(172.659684°, -43.511008°).

! Canterbury Geotechnical Database. (2012). "Observed Ground Crack Locations", Map Layer CGD0400 - 23
July 2012, retrieved July 09, 2018 from https://canterburygeotechnicaldatabase.projectorbit.com/
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Vegetation

Figure 1: Site plan with areas where ejecta-induced settlement is considered.

Note 1: Patch A (outlined in red) in the free field was selected for settlement assessment as an area
free of vegetation and structures. Other important factors considered in the patch selection process
were its proximity to a CPT, a property subjected to addition and/or demolition of a structure, front
yard/backyard alterations (e.g., ploughing, rubble, scrap), and aerial distribution of sediment ejecta.
The July 2003 LiDAR survey was not used for the settlement analysis due to the evident absence of
ejecta for the Sep-10 EQ. The Feb 2012 and Oct 2015 LiDAR surveys were not considered for the
settlement analysis due to the anthropogenic changes.
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Table 2: LiDAR flight error adjustments, global adjustments for the difference
between average LiDAR point elevations and benchmark survey elevations, and
vertical tectonic movement adjustments.

Adjustments (mm)

Earthquake . . Global Tectonic Vertical
Ever?t(s) LIDAR Flight Error Offset? Movement
Sep-10 -100 -3 0
Feb-11 +100 16 -90
Jun-11 0 38 -40
Dec-11 0 -65 0
CES 0 -14 -130
Any LiDAR survey affected by ejecta? No

Note: The negative sign indicates the subtraction from the ground surface subsidence, while the
positive sign indicates the addition to the ground surface subsidence.

Table 3: LIDAR Measurement Error for Patch A.

Area Averaged
Difference 6% ndividual %Reduction in 6
Indicating due to Area
Surveys Buffer LiDAR points :
Repeat Averaging of
Measurement (mm) LiDAR Points
Error (mm)
Post Feb 2011: 10-m 45
Mar 2011 and May 20-m 48 59 [76,81]
2011 50-m 52
Post Dec 2011: 10-m ND
Feb 2012 and Oct 20-m ND 70 [ND,ND]
2015 50-m ND

*Standard deviation; ND = Not determined due to the anthropogenic changes.

2 Russell, ]., & van Ballegooy, S. (2015). Canterbury Earthquake Sequence: Increased liquefaction vulnerability

assessment methodology. New Zealand: Tonkin & Taylor Ltd.

CCLIQ 35-CPT 56468 (172.659684, -43.511008) - Shirley Boys High School



Liquefaction Ejecta Case Histories for 2010-11 Canterbury Earthquakes

Table 4: Ground surface subsidence adjustments due to LiDAR measurement error

for Patch A.
Earthquake Opre-EQ LiDAR Opost-EQ LIDAR Ototal Area Average
Event(s) survey (IMm) survey(mm) | (mm) | Adjusted 6 (mm) ™
Sep-10 158 56 134 +109
Feb-11 56 59 59 +48
Jun-11 59 61 62 +51
Dec-11 61 70 87 +70
CES 158 70 124 +101

“Based on the highest %Reduction in Table 3a.

Table 5: Raw liquefaction-related ground surface subsidence using original LiDAR

points for Patch A.
Average Ground Surface Subsidence (mm)
Earthquake 10-m Buffer 20-m Buffer 50-m Buffer
Event(s)

Sep-10 ND ND ND
Feb-11 182 142 99
Jun-11 59 60 54
Dec-11 ND ND ND

CES ND ND ND

ND = Not determined.

Table 6: Corrected liquefaction-related ground surface subsidence using
original LiDAR points for Patch A with the calculated adjustments in Table 2.

Average Calculated Ground Surface Subsidence (mm)

Earthquake 10-m Buffer 20-m Buffer 50-m Buffer
Event(s)
Sep-10 ND ND ND
Feb-11 208+50 168+50 125450
Jun-11 57450 58450 52450
Dec-11 ND ND ND
CES ND ND ND

Notes: Plus/minus values are same as those in Table 4a, but rounded to the nearest 25 mm;
Positive overall values indicate ground surface subsidence, while negative overall values
indicate ground surface uplift; ND = Not determined.
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Table 7: Corrected liquefaction-related ground surface subsidence for Patch A using

LiDAR DEMs.
Estimated Ground Surface Subsidence (mm)
10-m Buffer 20-m Buffer 50-m Buffer

Earthquake 16th 50th 84th | 16th | 50th | 84th | 16th | 50th | 84th
Event(s) %ile | %ile | %ile | %ile | %ile | %ile | %ile | %ile | %ile
Sep-10 <50 | <50 50 <50 | <50 50 <50 | <50 50
Feb-11 150 200 250 150 | 200 | 250 150 150 | 200
Jun-11 <50 50 50 <50 50 50 <50 50 50
Dec-11 ND ND ND ND ND ND ND ND ND
CES ND ND ND ND ND ND ND ND ND

Note: These percentiles are not the exact statistical measures; they indicate the spatial variability of
ground surface subsidence; ND = Not determined due to the anthropogenic changes.
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Figure 2: Comparison between ground surface subsidence determined from original LiDAR
survey points and ground surface subsidence (50t %ile) estimated using LiDAR DEMs for
Patch A (10-m buffer).
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Figure 3: Comparison between ground surface subsidence determined from original LiDAR
survey points and ground surface subsidence (50t %sile) estimated using LiDAR DEMs for
Patch A (20-m buffer).
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Figure 4: Comparison between ground surface subsidence determined from original LiDAR
survey points and ground surface subsidence (50t %ile) estimated using LiDAR DEMs for
Patch A (50-m buffer).
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Note 2: The ground surface subsidence values determined from original LiDAR survey points are
similar to the ground surface subsidence values estimated using LiDAR DEMs for both the Feb-11

and Jun-11 EQs. The subsidence was not estimated for the Feb-11 EQ due to the anthropogenic
changes. The subsidence for the Sep-10 EQ was not determined using the original LiDAR survey

points due to the evident absence of ejecta.

Table 8a: Ejecta-Induced settlement for the top 20 m of the soil profile for Patch A (10-m
buffer) for the 50th %ile PGA, P.=50%, and Crc=0.13 using BI-2014, ZRB-2002, and Ic

cutoff of 2.6.

Earthquake PGA Depth to St Svip SEL
Mw Groundwater
Event(s) (8) (m) (mm) (mm) (mm)
Sep-10 7.1 0.20 1.5 ND 15420 ND
Feb-11 6.2 0.39 1.5 208+50 83450 125471
Jun-11 6.2 0.22 1.5 57450 10£25 47456
Dec-11 6.1 0.26 1.2 ND 31450 ND

Notes: St = Total settlement (Table 6); Svip = Average vertical settlement due to volumetric compression
using Boulanger and Idriss (2014) (BI-2014), Zhang et al. (2002) (ZRB-2002) procedures and de Greef and
Lengkeek (2018) thin-layer correction; SgL = Ejecta-induced settlement as the difference between the
LiDAR-based St and Svip; ND = Not determined.

Table 8b: Ejecta-Induced settlement for the top 20 m of the soil profile for Patch A (20-m
buffer) for the 50th %ile PGA, P.=50%, and Crc=0.13 using BI-2014, ZRB-2002, and Ic
cutoff of 2.6.

Earthquake PGA Depth to St Svip SEL
Mw Groundwater
Event(s) (8) (m) (mm) (mm) (mm)
Sep-10 7.1 0.20 1.5 ND 15420 ND
Feb-11 6.2 0.39 1.5 168+50 83+50 85+71
Jun-11 6.2 0.22 1.5 58450 10+£25 48156
Dec-11 6.1 0.26 1.2 ND 31450 ND

Notes: St = Total settlement (Table 6); Svip = Average vertical settlement due to volumetric compression
using Boulanger and Idriss (2014) (BI-2014), Zhang et al. (2002) (ZRB-2002) procedures and de Greef and
Lengkeek (2018) thin-layer correction; SgL = Ejecta-induced settlement as the difference between the
LiDAR-based St and Svip; ND = Not determined.
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Table 8c: Ejecta-Induced settlement for the top 20 m of the soil profile for Patch A (50-
m buffer) for the 50th %ile PGA, PL.=50%, and Crc=0.13 using BI-2014, ZRB-2002, and
Ic cutoff of 2.6.

Earthquake PGA Depth to St SEL
Mw Groundwater Svip (mm)

Event(s) (2 (m) (mm) (mm)
Sep-10 7.1 0.20 1.5 ND 22120 ND
Feb-11 6.2 0.39 1.5 125450 96150 29171
Jun-11 6.2 0.22 1.5 52450 14425 38456
Dec-11 6.1 0.26 1.2 ND 37150 ND

Notes: St = Total settlement (Table 6); Svip = Average vertical settlement due to volumetric compression
using Boulanger and Idriss (2014) (BI-2014), Zhang et al. (2002) (ZRB-2002) procedures and de Greef
and Lengkeek (2018) thin-layer correction; SgL = Ejecta-induced settlement as the difference between the
LiDAR-based St and Svip; ND = Not determined.

Note 3: The uncertainty for volumetric settlement was derived based on the sensitivity of volumetric
settlement to PGA, Crc, and Py, for each earthquake event for VsVp 57203 Shirley Intermediate School
and CCLIQ 1 - CPT 5586 - Vivian Stsites. Taking the 50t percentile as the baseline case, the minimum
and maximum values corresponding to the difference between the 25th percentile and the 50t
percentile and the 75t percentile and the 50t percentile were determined. The arithmetic mean of
the range of the minimum and maximum difference was evaluated for each patch at the two sites.
The maximum arithmetic mean for each earthquake event was rounded to the nearest five and used
as the uncertainty value. Accordingly, the 1-D volumetric settlement uncertainties of +20, +50, +25,
and +50 mm for the Sep-10, Feb-11, Jun-11, and Dec-11 earthquake events, respectively, were used
for all sites in this study.

Table 9a: Coverage area and height of ejecta estimates for Patch A (10-m buffer) within the

20-m buffer using photographs.
EQ Agthick1 | HEthick1 | AEthickz | HEthick2 | AEthin1 | HEthin1 | AEthinz | HEthin2 Ar
Event | (m?) (m) (m?) (m) (m?) (m) (m?) (m) | (m?)
Sep-10 0 0 0 0 0 0 0 0 314
Feb-11 0 0 0 0 7.2 10-20 307 5-10 314
Jun-11 0 0 61.4 60-100 3.0 20-40 218 5-10 314
Dec-11 20.4 60-120 13.6 20-40 168 10-20 1.7 2-4 314

Notes: Ak thick/thin = Coverage area of thick/thin ejecta layers; Hgick/thin = Lower-upper estimate of height of
thick/thin ejecta layers; Ar= Total assessment area of a buffer being considered.

CCLIQ 35-CPT 56468 (172.659684, -43.511008) - Shirley Boys High School 8
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Table 9b: Coverage area and height of ejecta estimates for Patch A (20-m buffer) using

photographs.

EQ Agthickt | HEthickt | AEthickz | HEthick2z | AEthint | HEgthint | AEthinz | HEthin2 Ar
Event | (m?) (m) (m?) (m) (m?) (m) (m?) (m) | (m?
Sep-10 0 0 0 0 0 0 0 0 1257
Feb-11 68.6 100-150 0 0 280 10-20 908 5-10 1257
Jun-11 0 0 164 60-100 27.4 20-40 717 5-10 1257
Dec-11 58.9 60-120 24.4 20-40 583 10-20 106 2-4 1257

Notes: Ak thick/thin = Coverage area of thick/thin ejecta layers; He,tick/thin = Lower-upper estimate of height of

thick/thin ejecta layers; Ar= Total assessment area of a buffer being considered.

Table 9c: Coverage area and height of ejecta estimates for Patch A (50-m buffer) using

photographs.

EQ AEthickt | HEthickt | Agthick2 | HEthick2 | AEthin1 | HEthin1 | AEthinz | HEthin2 Ar
Event | (m?) (m) (m?) (m) (m?) (m) (m?) (m) | (m)
Sep-10 0 0 0 0 0 0 0 0 6170
Feb-11 130 100-150 552 50-80 1662 10-20 3290 5-10 6170
Jun-11 0 0 754 60-100 79.3 20-40 2974 5-10 6170
Dec-11 122 60-120 163 20-40 1852 10-20 637 2-4 6170

Notes: Ak thick/thin = Coverage area of thick/thin ejecta layers; Hg tick/thin = Lower-upper estimate of height of

thick/thin ejecta layers; Ar= Total assessment area of a buffer being considered.

Note 4: The values in Table 9 correspond to the coverage area of ejecta outlined in aerial photographs
(Figures 21, 24, and 57-59) and the lower and upper estimates of ejecta height based on geometrical
approximations, ground photographs (Figure 62), and EQC LDAT property inspection reports (e.g.,
Figures 60 and 61). The ejecta-induced settlement using photographs and engineering judgment,

Sg p, is estimated as

a b a b
_ Xi=14g thicki * Hi thicki + Xj=148thin * Hetning _ Xi=1Vetnicki + Xj=1VE thin j

Ag thick,i and Hg ;e ; are the area and the height of a thick ejecta layer, respectively;

Ar

Ar

Ag thin,j and Hg ¢pin j are the area and the height of a thin ejecta layer, respectively;

Ar is the total assessment area for a buffer being considered (Figure 1).
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Table 10: Ejecta-induced settlement estimates for Patch A based on
photographs.
Patch A Patch A Patch A
Earthquake (10-m buffer) (20-m buffer) (50-m buffer)
Event SEplower SEpupper SEPlower SE,P,upper SEPlower SE,p,upper
(mm) (mm) (mm) (mm) (mm) (mm)
Sep-10 0 0 0 0 0 0
Feb-11 5 10 11 20 12 21
Jun-11 15 27 11 20 10 18
Dec-11 10 20 8 16 5 10
Note: Sgplower and Sgpupper cOrrespond to lower and upper estimates of Sgp, respectively.

Table 11: Best final estimates of ejecta-induced settlement for Patch A.
Patch A Patch A Patch A
EQ (10-m buffer) (20-m buffer) (50-m buffer)
Event SEL SEp SE final SEL Sep SE final SEL Sep SE final
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Sep-10 ND 0 0 ND 0 0 ND 0 0
Feb-11 | 125471 812 1045 85+71 16+4 25+10 29471 1714 20+£10
Jun-11 47+£56 2116 30+20 48+56 16+4 2520 38456 1414 20£20
Dec-11 ND 1545 1545 ND 1214 1045 ND 8+2 1045
Notes: SgL = Ejecta-induced settlement based on LiDAR data reported in Table 8; Sgp = Median ejecta-
induced settlement for the range of values reported in Table 10; Sgfinal = Best final estimate of ejecta-induced
settlement rounded to the nearest 5 mm; Final plus/minus values are also rounded to the nearest 5 mm; ND
= Not determined.

Note 5:

CCLIQ 35-CPT 56468 (172.659684, -43.511008) - Shirley Boys High School

Patch A (10-m buffer): Sgina for the Sep-10 and Dec-11 EQs is based solely on Sgp due to the
evident absence of ejecta for the Sep-10 EQ and the anthropogenic changes that affected the
LiDAR survey measurements for the Dec-11 EQ (i.e, the Feb 2012 and Oct 2015 LiDAR
surveys). Sgfinal for the Feb-11 EQ is also based on Sgp only due to the discrepancy between
visual evidence and LiDAR-based estimates (the small quantum of ejecta versus the large
quantum of ejecta, respectively). Sgsinal for the Jun-11 EQ is the weighted average of Sg. and
Sep with weights of 1/3 and 2/3, respectively. The uncertainty associated with Sgfinal is also
the weighted average of uncertainties associated with Sg1. and Sgp with the same respective
weights of 1/3 and 2/3.

Patch A (20-m and 50-m buffers): Sgina for the Sep-10 and Dec-11 EQs is based solely on Sgp
due to the evident absence of ejecta for the Sep-10 EQ and the anthropogenic changes that
affected the LiDAR survey measurements for the Dec-11 EQ (i.e., the Feb 2012 and Oct 2015
LiDAR surveys). Sgfinal for the Feb-11 EQ is a weighted average of Sg1. and Sgp with weights of
0.1 and 0.9, respectively. Sgina for the Jun-11 EQ is the weighted average of Sg1. and Sgp with
weights of 1/3 and 2/3, respectively. The uncertainty associated with Sggina is also the
weighted average of uncertainties associated with Sgi and Sgp with the same respective
weights of 0.1 and 0.9 for the Feb-11 EQ and 1/3 and 2/3 for the Jun-11 EQ.
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o The weight coefficients are based on the LiDAR error bands, LPI prediction error (Maurer et
al. 201483), presence of ejecta at the time of LiDAR surveys, discrepancy between visual
evidence and LiDAR-based estimates (i.e., Sg1. suggests more ejecta within the 10-m buffer
than the 20-m and 50-m buffers even though the least quantum of ejecta is observed in the
aerial photograph for the 10-m buffer), and completeness of visual evidence (i.e., ground and
aerial photographs and EQC LDAT property inspection reports for the site). The Shirley Boys’
High School site is in the apparent zone of higher ground surface subsidence for the Sep-10
EQ and the apparent zone of lower ground surface subsidence for the Feb-11 EQ (i.e., the
overestimate of ground surface elevation by the Sep-10 LiDAR survey). The site is also in the
zone of accurate LPI prediction of liquefaction severity for the Sep-10 EQ and slight to
moderate LPI underprediction of liquefaction severity for the Sep-10 and Feb-11 EQ. The
LDAT inspection reports and ground photographs from May 2011 are available for the
properties in the N portion of the 50-m buffer (outside Patch A). The ejecta height ranged
from 30 mm to 300 mm.

Summary 1:

The best estimate of the ejecta-induced free-field ground settlement at the Shirley Boys’ High School
site for the SEP 2010, FEB 2011, JUN 2011, and DEC 2011 earthquake is 0 mm, 25+10 mm, 25420,
and 1015 mm, respectively.

3 Maurer, B. W,, Green, R. A, Cubrinovski, M., & Bradley, B. A. (2014). Evaluation of the Liquefaction Potential Index for
Assessing Liquefaction Hazard in Christchurch, New Zealand. Journal of Geotechnical and Geoenvironmental Engineering,
140(7), 04014032-1-11.d0i:10.1061/(asce)gt.1943-5606.0001117
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nearby buildings, vegetation, and free-face features.
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Figure 8: Satellite image of the ite taken in Dec 2004.
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Figure 10: Satellite image of the site taken in Mar 2009.
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Flgure 12: Satellite image of the site taken on Sep 5, 2010.
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Figure 14: Satellite image of the sit taken on Feb 23, 2011.
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Figure 17: Satellite image of the site taken in Apr 201
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Figure 22: Aerial phtograph of th site taken on Feb 24, 2011.
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Figure 24: Aerial potograph of the site taken on June 16, 2011.
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Figure 25: Aerial photograph of the site taken on Dec 24, 2011.
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site is in the apparent zone of overestimated ground surface subsidence (i.e., Sep 2010

LiDAR flight error zone).
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Figure 27: Vertical Ground Movements (Surface - Tectonic) for Feb 2011 Earthquake - the
site is in the apparent zone of underestimated ground surface subsidence (i.e., Sep 2010
LiDAR flight error zone).
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Figure 28: Vertical Ground Movements (Surface - Tectonic) for June 2011 Earthquake - the
site is not in the apparent zone of overestimated ground surface subsidence.
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Figure 29: Vertical Ground Movements (Surface - Tectonic) for Dec 2011 Earthquake - the
site is not in the apparent zone of overestimated /underestimated ground surface
subsidence.
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Figure 30: Ground surface subsidence without tectonic component for Sep 2010
Earthquake according to the LiDAR DEM.
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Figure 31: Ground surface subsidence without tectonic component for Feb 2011
Earthquake according to the LiDAR DEM.
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Figure 32: Ground surface subsidence without tectonic component for June 2011
Earthquake according to the LiDAR DEM.
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Figure 33: Ground surface subsidence without tectonic component for Dec 2011
Earthquake according to the LiDAR DEM.
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Figure 34: Ground surface subsidence without tectonic component for Canterbury
Earthquake Sequence accordlng to the LiDAR DEM.
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Figure 35: No latral spreading for Canterbury Earthquake Sequence.
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Figure 36: Vertical tectonic movements for Sep 2010 Earthquake.

Google Earth

Figure 37: Vertical tectonic movements for Feb 2011 Earthquake.
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Figure 39: Vertical tectonic movements for Dec 2011 Earthquake.
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Figure 41: Sep 5, 2010 LiDAR survey.
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Figure 46: Ground surface elevation averaged over 10-m buffer for Patch A for Mar 2011
LiDAR survey.

T R O -, ¥ WE R L N MY 5, e War, - -
1o |2 e Boe o e e i e aE i AN s LTIRD BHE-RR T .5
b [P SR AN L x3 ke e IMLew % . B NG e tD .
ol P b, 2, *, * LA i e T g TR
s . b . . pocans e eww e . o
£y - roed % ot * e Gel T, Jes ey 4 e PSP S B\
- . R »te T . o PP o - . e t2 800 1 Dhle Gew st .
gt Lam et W st e, e, P4 ee it tebas Gen SR II D el D il il sim rr Al L DDl e atle :s:"'
o -t et b4 . Troae, Debae G s, o b peey T . el .
erett D el [ ae . + ey vw e 2% Tl anr et e 20T aaa Te e e % sew wfeet T Lew
Loy T ate wte - 0. * Py b .t e e ¥ -
cemst el 2. . . . o sfer U ww sl DTSl e oatger 15 e
B gen st 5 tLe e ety .y » L B I B L IR R e dD i SO L
%3 dss et w tlele et wt et Tatts e eof wo 2t eum 2t AT DD T ale eem st et Lg lewd
m Il S B I I R S G i - - o0 we B0 e t2 N0 Wl Dl Ne vew st et Jew
PRt I R S R S ol . I R R R S e R B
Jopotm el e LeSalome T AL aelve BN teli -a Slomes R IUNer amiLe bt e ol anl PN .
e s . " at . » L2 S . P LT L I
B SIS R S . B e R e = R B LI
. seelIwonlele Wl osthe Grolad e Br ot s re mel wew 2L RIL om0l v ot ler MO Jewn MM
w0 e L et e IR0 AT Lo #re B Sed e, - Baf to gty te® S0 Teu wum s Vet e o N et Lo L le L,
L B I I S 4 aPte Al tav el Te el B § P e B I T L I B iR oA L. Lo
::- swet TLOLELY e el M4 '::. Con at®re Gme elloa, Sm, R IR :‘:,. ,.:,- Rt M R
P Y Te W . P ! M e ey s Say 4u Saw wew ek U0 Do ats
" - -oery 't ey e ] e ot IS . t.. wt, T
Womtia it e A IOE Nobm oLIsrdnoamoiltoamiiue czalulom
75m S Liger L tlele S etetl owr . *afte e Yo s er ANl L3 LUas sem et les 0 Daet 02
Ner g #* ThLra lrl. ar MM A e e D Vs wem pe Br vew s % get DN Daoaly 00
Mo S ct ML eta v, Db Leprl P e roels -t e har wew x%oat T Laev, NE
o Dmas m eteal me Jegen W . el e Tt Ll ol e
W tim sl D ostel. D9 PR st Seels slm et les o Lo el N2
proad e wleey S S e R Lo I R
-, e L, b, — ‘.1,. sup ps Ben wem P et D w0l LG
o . » e, D D S e L 4
- P e e, et T AL, P R e Sl S e
» 14 W% T dee e sates temoatger Do oe ol o
ol . N, PSS Tl wle eem wtles Mo l. oW, ¥
- S Er, wh oA, M R el R L
50m * . ke, et 2T RLL aed ae Ber tew ot et T L.t (2
. ek e Tt PU B van ww Yar e Tt L, 0w L
s, % TUALL Ll L s wes st les ST L.t 9
" b, % P LBl em sa Yer mem st get T ge Wle L
e, P L - ey
. " b3 o I me ae b IRIRCIEER SR
HEN e® TN al U Sie e eeler 0 Lo 0
. el s 2 AL0 LN DU sl mes st lue O Do en, O
s BB T R, ey we Sar mm et at e W
- - ittt "% :' Boe vug sx v tem 2t ger Ly Le ole Lo
* e % SN %oy wag s Ber tew ot et D, Lo 8ls 0
. * et e M . . 4% TP RLL el oe Ses mes et e S0 LLoel, L0
. W - ot LS ' " :.‘ *a =: P S M 3ed ,‘: PRt
25m R S e g e R i RO R R
. Wt #ISw o . . . o e A 3% okt LA
el M P 424 aun S Mo A oy wester Ae 2%l -t g e
wo #07 . . - 3 s 8, gl O P e S ] 0
. - ., . Pt L ] * ' g by ey %k =t % e
e poas * b b 13 '+ u, A ok 14 See A 4Wad® g tee
b e . v - LR el -’ i oy ey BT e s ¥ -
- » P [ 2 o4 . o ., A Gaptes A 5azt e o4 B WD
. s v . e is &y D s 3 bpe 24 - -
- he 5 e gt 3 eV g £..08
TR Y Grdiy Reie ¥ Bt m I AT HE S 4T
. . ¥ - : : »; P .
PRl O 234 i 3 g 3 <ot B - ] B e e he NS
SEE TR ik e ; EERRF R iR
.t . sfoe § 4 e iddd K .
0.0m b o : o i ; T BT Lrike - Bl wowiy @ R
i ) N v % . 3 a0 Ty oS cg s b o b
" fa o . e 8l P e -+ o k.
i I I I I | I ! | &, 1 ot o -y e iee faw Su o Hol 3
L T T T T T T T L A + . ] * ¥ Hh e Wi Hym *
. F A iR 4 ] 0¥ . Brptie ”.r 4
0.0m 50m 100m 150m 200m |7t ¥ e fioar 4 38 - whn wO Bl o ges 3
P we il LS R B A ThA Ue RINe AT RN
|:209 ) (1572447.255, 43730 38,6874°5, 172 39 32.8338°€|

Figure 47: Ground surface elevation averaged over 20-m buffer for Patch A for Mar 2011

LiDAR survey.
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Figure 48: Ground surface elevation averaged over 50-m buffer for Patch A for Mar 2011
LiDAR survey.
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Figure 49: May 2011 LiDAR survey.
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Figure 50: Ground surface elevation averaged over 10-m buffer for Patch A for May 2011
LiDAR survey.
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Figure 51: Ground surface elevation averaged over 20-m buffer for Patch A for May 2011
LiDAR survey.
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54: Ground surface elevation averaged over 10-m buffer for Patch A for Sep 2011
LiDAR survey.
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Figure 55: Ground surface elevation averaged over 20-m buffer for Patch A for Sep 2011
LiDAR survey.
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Google Earth

Figure 57: Aerial photograph showing the ejecta outline at the site for Feb-11 EQ.
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Figure 58: Aerial photograph acquired on 16 Jun 2011 showing the ejecta outline at the site
-11 EQ.

Figure 59: Aerial photograph showing the ejecta outline at the site for Dec-11 EQ.
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Contents of this figure cannot be shared as doing so is
restricted by a Non-Disclosure Agreement.

Figure 60: LDAT inspection report for the property in the N portion of the 50-m buffer
(inspection date: May 2011).

Contents of this figure cannot be shared as doing so is
restricted by a Non-Disclosure Agreement.

Figure 61: LDAT inspection report for the property in the NE portion of the 50-m buffer
(inspection date: May 2011).
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Figure 62: Ground pho.tographs showing ejecta remnants at the properties within the 50-m
buffer (photograph date: May 2011).
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Figure 63: PGA for Sep-10 EQ (st. dev. = 0.250-0.300 In units).
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Figure 65: PGA for Jun-11 EQ (st. dev. = 0.0.300-0.325 In units).
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Figure 66: PGA for Dec-11 EQ (st. dev. = 0.300-0.325 In units).
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Figure 68: Depth to groundwater table for Feb-11 EQ.
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Figure 69: Depth to groundwater table for Jun-11 EQ.
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Figure 71: Ground surface elevation according to the Sep-11 LiDAR survey.
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Figure 72: qt and Ic profiles.
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Note 6: The selection of CPTs for the area considered for settlement assessment (Figure 1) is based
on the proximity of the CPTs to the considered areas. In accordance with that, the following table
shows CPTs that were used for the volumetric settlement analysis in Clig v.3.0.3.2, a CPT soil
liquefaction software developed by GeoLogismiki. (The average volumetric settlements were
reported in Table 8.)

Table 12: CPT profiles used in volumetric settlement analysis for
areas selected for settlement assessment.

CPT ID No. 10-m buffer 20-m buffer 50-m buffer
56468 v v
25501
56467
55671
56464

3867 4

Note: CPTs 25501 and 56464 were used to compute the volumetric settlement for
CPTs 56468, 56467, and 55671 for a depth range from 14.9 m to 20 m and CPT
3867 for a depth range from 17.0 m to 20 m.

ANENANAN

Table 13: CPT-based results.

CPTID
E\]feQnt Parameter | 56468 | 25501 | 56467 | 55671 | 56464 3867 | A149m-20m | A16.7m-20m
Svip (mm) 9 9 2 25 11 41 6 6
LSN 3 1 0 5 1 6 1 1
Sep-10 LPI 0 0 0 0 0 0 0 0
LPlish 0 0 0 0 0 0 - --
Drs<1 (m) | undet. | undet. | undet. 2.58 undet. 9.23 - --
Svip (mm) 64 55 35 73 54 181 19 19
LSN 19 12 9 17 10 31 1 1
Feb-11 LPI 6 4 3 7 2 17 0 0
LPlish 6 2 2 6 3 9 -- --
Drs<1 (m) 1.51 1.52 2.48 1.84 1.52 1.95 -- --
Svip (mm) 8 4 1 21 6 27 2 2
LSN 2 1 0 5 1 4 0 0
Jun-11 LPI 0 0 0 0 0 0 0 0
LPlish 0 0 0 0 0 0 -- --
Drs<1 (m) | undet. | undet. | undet. 2.57 undet. | undet. - --
Svip (mm) 25 17 7 42 16 69 6 6
LSN 9 5 2 11 4 12 1 1
Dec-11 LPI 1 0 0 2 0 2 0 0
LPlish 1 0 0 2 0 0 - --
Drs<1 (m) 2.63 undet. | undet. 2.27 undet. 4.22 - --

Notes: Drs<1 = Depth to the first liquefiable layer (FSL<1) that is at least 200-mm thick, as determined by
the Boulanger and Idriss (2016) liquefaction-triggering procedure (PL=50%, Crc=0.13, and Iccutoff =2.6),
and exported from C/ig v.3.0.3.2; undet. = the specified soil layer was not detected; A14.9m-20m and A16.7m-20m
indicate the amount of SV1D, LSN, and LPI added to CPTs 56468, 56467, and 55671 and CPT 3867,
respectively, due to their penetration depths being shallower than 20 m.
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Note 7: Based on the borehole log (BH 62337, Figure 1), the groundwater table is at a depth of 1.8 m
below the ground surface. The soil profile consists of (1) topsoil to a depth of 0.5 m, (2) silt, ML, the
Yaldhurst member of the Springston formation, to a depth of 1.9 m, (3) poorly graded sand, SP,
intermixed Springston and Christchurch formations, to a depth of 6.4 m, (4) well graded sand, SW,
intermixed Springston and Christchurch formations, to a depth of 10.0 m, (5) well graded sand, SW,
of the Christchurch formation, to a depth of 14.0 m, (6) poorly graded sand, SP, of the Christchurch
formation, to a depth of 20 m. The SP layer extends to a depth of 23.3 m, which is underlain by silt,
ML, of the Christchurch formation, to a depth of 24.8 m and peat, Pt, of the Christchurch formation,
to a depth of 24.9 m (the end of the borehole).

Note 8: The ejecta-induced free-field settlement provided in Table 11 is an areal average settlement
due to ejecta, which is based on the total settlement assessment area, Ay (provided in Table 9 and
repeated in Table 14). However, the considered area was not always covered completely with ejecta;
thus, it is important to provide the localized ejecta-induced settlement, too. The localized settlement
due to ejecta is estimated using photographic evidence only as

Vg
SE,P_localized = A_
E

where Vf is the total volume of ejecta within A and Ap is the total coverage area of ejecta within
Ar. Please note that the areal ejecta-induced settlement provided in Table 14 as Sg p greq is the
same as Sg p in Table 11, which was estimated as

Vg

SE,P_areal = SE,P = A_
T

where I/ is the total volume of ejecta within Ay and Ay is the total settlement assessment area.

Table 14a: Areal and localized ejecta-induced settlement estimates
for Patch A (10-m buffer) based on photographic evidence.

Earthquake AT AE VE SE,P,areal SE,P,localized
Event (m?) (m?) (m3) (mm) (mm)
Sep-10 314 0 0 0 0
Feb-11 314 314 1.6-3.2 10+£5 10£5
Jun-11 314 282 4.8-8.4 20+5 2545
Dec-11 314 204 3.2-6.4 1545 2545

Notes: Sgp.areal = Sgp reported in Table 11 = areal ejecta-induced settlement;
SEP_localized = localized ejecta-induced settlement; At = total settlement assessment
area; Ve = total volume of ejecta within Ar; Ar = total area of ejecta within At; The
estimates of both areal and localized ejecta-induced settlement are rounded to the
nearest 5; Final plus/minus values are also rounded to the nearest 5.
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Table 14b: Areal and localized ejecta-induced settlement estimates
for Patch A (20-m buffer) based on photographic evidence.

Earthquake AT AE VE SE,P,arcal SE,P,localizcd
Event (m?) (m?) (m?) (mm) (mm)
Sep-10 1257 0 0 0 0
Feb-11 1257 1257 14.2-25.0 1545 1545
Jun-11 1257 907 13.9-24.6 1545 2045
Dec-11 1257 772 10.1-20.1 10+5 20+5

Notes: Sgp.areal = Sgp reported in Table 11 = areal ejecta-induced settlement;
SEP_localized = localized ejecta-induced settlement; At = total settlement assessment
area; Ve = total volume of ejecta within Ar; Ar = total area of ejecta within AT; The
estimates of both areal and localized ejecta-induced settlement are rounded to the
nearest 5; Final plus/minus values are also rounded to the nearest 5.

Table 14c: Areal and localized ejecta-induced settlement estimates
for Patch A (50-m buffer) based on photographic evidence.

Earthquake Ar Ag Ve SE,p_areal SE,p_localized
Event (m?) (m?) (m3) (mm) (mm)
Sep-10 6170 0 0 0 0
Feb-11 6170 5634 73.7-130 1545 2045
Jun-11 6170 3807 61.7-108 1545 2545
Dec-11 6170 2774 30.4-60.7 1045 1545

Notes: Sgp.areal = Sgp reported in Table 11 = areal ejecta-induced settlement;
SEP_localized = localized ejecta-induced settlement; At = total settlement assessment
area; Ve = total volume of ejecta within Ar; Ar = total area of ejecta within At; The
estimates of both areal and localized ejecta-induced settlement are rounded to the
nearest 5; Final plus/minus values are also rounded to the nearest 5.

Summary 2:

The best estimate of the localized ejecta-induced free-field ground settlement at the Shirley Boys’
High School site for the SEP 2011, FEB 2011, JUN 2011, and DEC 2011 earthquake is 0 mm, 1545
mm, 2015 mm, and 2045 mm, respectively.
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