
UC Davis
UC Davis Previously Published Works

Title
System Response of an Interlayered Deposit with Spatially Preferential Liquefaction 
Manifestations

Permalink
https://escholarship.org/uc/item/0s8323b8

Journal
Journal of Geotechnical and Geoenvironmental Engineering, 147(12)

ISSN
1090-0241

Authors
Bassal, Patrick C
Boulanger, Ross W

Publication Date
2021-12-01

DOI
10.1061/(asce)gt.1943-5606.0002684
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0s8323b8
https://escholarship.org
http://www.cdlib.org/


Authors' (accepted) copy. JGGE 2021, 147(12):05021013, 10.1061/(ASCE)GT.1943-5606.0002684. 

System Response of an Interlayered Deposit with Spatially Preferential Liquefaction 1 

Manifestations 2 

Patrick C. Bassal, P.E., S.M.ASCE1, and Ross W. Boulanger, Ph.D., P.E., F.ASCE2 3 

1Corresponding author: Graduate Student Researcher, Dept. of Civil and Environmental Engineering, Univ. 4 

of California, Davis, CA 95616. ORCID: https://orcid.org/0000-0003-4153-2460. Email: 5 

pcbassal@ucdavis.edu. 6 

2Professor, Dept. of Civil and Environmental Engineering, Univ. of California, Davis, CA 95616. 7 

ABSTRACT 8 

The Canterbury Earthquake Sequence produced a spatial pattern of liquefaction-induced surface ejecta 9 

at an open field along Palinurus Road in Christchurch, New Zealand, that would not be expected based on 10 

simplified liquefaction evaluation procedures. Half the site discharged sand boils and the other half did not. 11 

Two-dimensional fully-coupled nonlinear dynamic analyses (NDAs) are performed to examine why 12 

simplified one-dimensional liquefaction vulnerability indices (LVIs) over-estimated liquefaction 13 

manifestations at this site for the 2010 Darfield and 2011 Christchurch earthquakes and did not distinguish 14 

between areas with and without surface ejecta. The NDAs use the PM4Sand and PM4Silt constitutive 15 

models for sand-like and clay-like portions of the subsurface, respectively, within the FLAC finite 16 

difference program. Material parameters are obtained from in-situ geophysical and cone penetration test 17 

(CPT) data. A sensitivity study is performed to assess the influence of: (1) representative soil property 18 

selections and the use of a CPT inverse filtering procedure to correct for thin-layer and transition zone 19 

effects, (2) ground motions developed by two distinct methods (i.e., recordings and physics-based 20 

simulations), and (3) model assumptions affecting diffusion during reconsolidation. Ground deformations 21 

and flow patterns during and after ground shaking are examined. The results provide insights on how 22 

stratigraphic details and other factors can affect the system response and dictate the degree and extent of 23 

liquefaction surface manifestations.  24 
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INTRODUCTION  25 

Numerous case history studies (e.g., Chu et al. 2006, Maurer et al. 2014, van Ballegooy et al. 2014, 26 

Beyzaei et al. 2018, Cubrinovski et al. 2018, Boulanger et al. 2019) have shown that simplified liquefaction 27 

analysis methods can systematically over-estimate the degree and extent of liquefaction surface 28 

manifestations, such as sand boils or ground deformations, in specific geologic settings or site conditions. 29 

The simplified liquefaction analysis methods examined include a number of one-dimensional (1D) 30 

liquefaction vulnerability indices (LVIs) that generally involve depth-weighted integration of predicted 31 

strains or factors of safety against liquefaction triggering (as obtained from a stress-based liquefaction 32 

triggering analysis) using data from individual borings or cone penetration test (CPT) soundings. Several 33 

of these past studies have shown 1D LVIs tend to over-estimate liquefaction effects for deposits where the 34 

sedimentary stratigraphy includes interbedded or alternating beds of sands, silts, and clays.  35 

Several factors may contribute to a tendency for over-estimating liquefaction effects in deposits with 36 

interbedded or alternating beds of sands, silts, and clays (Boulanger et al. 2016). These include limitations 37 

in: (1) site characterization tools and methods, (2) liquefaction triggering or deformation correlations, and 38 

(3) analysis approaches and neglected mechanisms. The first set of limitations includes challenges in 39 

characterizing thin layers, transition zones, graded bedding, lateral discontinuities, and partial saturation 40 

near the water table. The second set includes the uncertainties and biases associated with correlations for 41 

cyclic resistance ratio (CRR), and shear and volumetric strains, which are not well-constrained for 42 

intermediate soils (e.g., low-plasticity silty sands, clayey sands, or sandy silts) and do not typically account 43 

for the effects of age, stress-strain history, cementation, and anisotropy. The third set includes difficulties 44 

in addressing spatial variability, pore pressure diffusion, deformation geometries, and the dynamic 45 

response. The over-estimation bias of 1D LVIs for these types of deposits is likely due to a combination of 46 

the above limitations, depending on the available data, and intricacies of the stratigraphy and soil 47 

characteristics for each deposit. By better accounting for several of these limitations, nonlinear dynamic 48 

analyses (NDAs) can provide an improved basis, relative to LVIs, for interpreting case histories, as 49 

demonstrated by Cubrinovski et al. (2018), Hutabarat and Bray (2019), and Boulanger et al. (2019). NDAs 50 
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can account for site-specific ground motions and realistic cyclic stress-strain responses; all of which are 51 

neglected by LVIs. When performed with a two or three-dimensional (2D or 3D) model, NDAs can 52 

additionally account for spatially variable subsurface profiles, pore pressure diffusion, and ground 53 

deformation patterns.  54 

This paper describes a 2D NDA study of a site located along Palinurus Road in Christchurch, New 55 

Zealand, where: (1) the soil profile includes laterally continuous and discontinuous layers of sands and 56 

clayey silts, (2) surficial manifestations of liquefaction (i.e., sand boils) exhibited a preferential spatial 57 

pattern, and (3) 1D LVIs were shown by Yost et al. (2019) to over-estimate liquefaction manifestations 58 

during the 2010 Darfield and 2011 Christchurch earthquakes. Preliminary NDA results for this case study 59 

were presented by Bassal et al. (2020), which showed that accurate modeling of the dynamic response and 60 

pore pressure diffusion patterns (mechanisms neglected by 1D LVIs) was necessary to explain the post-61 

earthquake observations. This current work refines the previous study with more detailed examination of 62 

how the spatial and temporal responses during and after the 2010 Darfield and 2011 Christchurch 63 

earthquakes are influenced by the input ground motions and the NDA model assumptions that affect excess 64 

pore water pressure diffusion. The site performance, subsurface conditions, and results of updated 1D LVI 65 

analyses are described first. The NDA procedures, constitutive model calibrations, and input ground 66 

motions are then described. The NDAs are performed using FLAC (Itasca 2019) with the user defined 67 

constitutive models PM4Sand and PM4Silt. Detailed NDA results are presented for a baseline set of 68 

parameters, followed by results of parametric studies examining sensitivity to representative property 69 

selections and different modeling assumptions. The NDA results are used to evaluate how the dynamic 70 

response, ground distortion, and pore pressure diffusion patterns are influenced by details of the subsurface 71 

stratigraphy and how such patterns may relate to different liquefaction manifestations across this site during 72 

these earthquakes. Insights on system response mechanisms provided by the NDA results are shown to be 73 

generally robust despite the uncertainties and limitations in the analysis results and field observations. 74 

Implications of these results for informing the interpretation of liquefaction case histories and using NDAs 75 

and LVIs in practice are discussed.  76 
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PALINURUS ROAD SITE 77 

The 2010-2011 Canterbury Earthquake Sequence (CES) produced a series of strong earthquakes that 78 

affected the Canterbury region of New Zealand between September 2010 and December 2011. The CES 79 

resulted in well-documented and widespread liquefaction damage throughout the city and adjoining suburbs 80 

of Christchurch. Fault projections (Beavan et al. 2012) of the four most destructive events of the CES are 81 

shown in Fig. 1. These events are the 4 September 2010 Mw 7.1 Darfield earthquake, the 22 February 2011 82 

Mw 6.2 Christchurch earthquake, the 13 June 2011 Mw 5.3 and Mw 6.0 earthquakes, and the 23 December 83 

2011 Mw 5.8 and Mw 5.9 earthquakes (these events are hereafter labeled as Sep2010, Feb2011, Jun2011, 84 

and Dec2011). Also mapped is the Riccarton High School Strong Motion Station (RHSC SMS), and the 85 

location of the Palinurus Road site (-43.5512°, 172.6885°). 86 

The Palinurus Road site is an approximately 90 m by 160 m rectangular and level grass field in the 87 

Woolston suburb of Christchurch. The site exhibited little to no evidence of liquefaction during the Sep2010 88 

and Dec2011 events, but produced several moderate sand boils during the Feb2011 and June2011 events. 89 

As depicted in the aerial photograph of Fig. 2, the sand boil ejecta extents were primarily limited to the 90 

northeast portion of the site (NE; above the dashed line of Fig. 2) during the Feb2011 event. A similar 91 

spatial extent of liquefaction was observed following the June2011 event. Practically no sand boils 92 

emanated on the southwest portion (SW; below the dashed line of Fig. 2) during any of the events.  93 

Estimates of the moment magnitude (MW), rupture distance (Rrup), peak ground acceleration (PGA), 94 

and observed performance of the Palinurus Road site in the aforementioned four CES events is summarized 95 

in Table 1. The PGA was determined based on contours from Bradley & Hughes (2012a, 2012b) for all 96 

events except Feb2011, for which an interpreted 20% reduction was applied to minimize the influence of 97 

high frequency dilation “spikes” recorded at nearby SMS sites that also liquefied (Wotherspoon et al. 2015; 98 

Upadhyaya et al. 2019). Although some uncertainty in the actual ground motions at this site is expected, 99 

the contour maps and interpreted reduction for the PGA provide reasonable estimates for the LVI analyses 100 

that will be presented herein. The observed land damage was assessed based on satellite images depicting 101 

the aerial spread of liquefaction ejecta following each event (CGD 2012), and classified based on simplified 102 
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categories presented by Tonkin & Taylor (2015) [“none to minor” indicates no signs of ejecta, “minor to 103 

moderate” indicates < 25% of site covered with ejecta, and “moderate to severe” indicates > 25% of site 104 

covered with ejecta]. These land damage classifications are further confirmed by on-the-ground road and 105 

property inspections near the site following the Feb2011 and June2011 events (CGD 2013). The aerial 106 

LiDAR surveys performed after the Feb2011 event do not provide reliable estimates of liquefaction-107 

induced settlements because the vertical accuracy of ±0.15 m in the pre-earthquake surveys (CGD 2014a) 108 

encompasses the expected range of settlement. Some ejecta observed following the June2011 and Dec2011 109 

events is likely “leftover” from previous events, and thus the reported land damage category is based on an 110 

interpretation of “new” or additional ejecta following each event. 111 

The geologic structure of the Christchurch area is highly complex due to its tectonic environment, 112 

exposure to pre-Holocene glaciation cycles, and location near the mouth of Pegasus Bay (Begg et al. 2015). 113 

Quaternary sedimentary units within the Canterbury basin typically extend to depths of at least 200 m below 114 

sea level, and are composed of alternating bands of glacial deposits (i.e., primarily gravels with varying 115 

amounts of finer sediments; Riccarton Gravel is the most recent of these deposits), and interglacial deposits 116 

(i.e., primarily variable layers of sands, silts, and clays). The current interglacial (i.e., Holocene) sediments 117 

are in part comprised of the Christchurch formation (i.e., primarily sands and silts), created by early marine 118 

transgressions and ongoing embayment infilling of shallow marine, estuarine, and swamp deposits. The 119 

Springston formation (i.e., fluvial silts, sands, and gravels) constitutes the remainder of the Holocene 120 

sediments placed by alluvial deposition. The Palinurus Road site is situated about 400 m to the northeast of 121 

the meandering Heathcote River, 1100 m to the west of the Heathcote-Avon estuary, and is bounded by a 122 

small (~ 4 m wide) stream at its northeast edge. As such, the site is located at an intricate junction of fluvial, 123 

estuarine, and swamp deposits, which likely explains the observed stratigraphic heterogeneity and presents 124 

difficulty in ascertaining the Holocene soils as Christchurch or Springston formation. 125 

The Palinurus Road site plan shown in Fig. 2 depicts the aerial locations of available site investigation 126 

data obtained from the New Zealand Geotechnical Database (NZGD 2019). The site plan includes eight 127 

CPTs (5462 to 5469) pushed to refusal and two sonic boreholes (BHs 6000 and 6001) that were conducted 128 
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in April 2012 as part of a geotechnical investigation considering potential sites for a proposed sewer pump 129 

station. Between 2015 and 2016, three additional CPTs (62759, 62760, and 62761), a seismic CPT (SCPT 130 

57360), an additional sonic borehole (BH 57235), and a direct-push crosshole test (DPCH) were completed 131 

as part of a regional liquefaction study. The three additional CPTs were pushed to a maximum depth of 16 132 

m, and are the only available information at the NE side of the site.  133 

The subsurface profile presented in Fig. 3 shows the nearest BH and CPT data along the cross-section 134 

line depicted in Fig. 2. The cone tip resistances normalized by atmospheric pressure (qtN) are presented as 135 

measured and after correction for thin-layers and transition zones using the inverse filtering procedure of 136 

Boulanger and DeJong (2018) with baseline input parameters. The diagram of BH 57235 in Fig. 3 displays 137 

the unified soil classification system (USCS) index, plasticity index (PI), and fines content (FC; percent by 138 

soil mass passing a 0.075 mm sieve) with depth. 139 

The subsurface at Palinurus Road is interpreted to have four primary Holocene soil strata (i.e., A, B, C, 140 

D) above Riccarton Gravel as shown in Fig. 3. Several of these strata have been divided into subgroups 141 

based on variations in engineering properties. The ~3 m thick surface stratum A, is primarily composed of 142 

reworked surficial material, with non-plastic silts atop loose silty sands. This is underlain by stratum B, 143 

which typically extends to a depth of ~17 m, and is composed of loose to medium dense clean sands with 144 

occasional thin (< 10 cm) and very thin (< 1 cm) silt and organic interbeds. At the SW, stratum B is 145 

interrupted by stratum C at depths of ~6 to 9 m. The upper portion of stratum C (i.e., C1 in subsequent 146 

analyses) is composed of soft to firm silt of moderate plasticity, with an estimated overconsolidation ratio 147 

(OCR) of 2 to 4, and occasional thin silty sand interbeds. This overlies very loose to loose silty sand with 148 

thinly interbedded clayey silt (i.e., C2). Stratum C was not observed in the three CPTs at the NE half of the 149 

site. Stratum D underlies B, and is composed of a ~1-m thick layer (i.e., D1) of soft clayey silt of moderate 150 

plasticity, with an interpreted OCR of 1 to 1.3, often overlying loose to medium dense silty sand lenses with 151 

occasional silt interbeds to a depth of ~20.5 m (i.e., D2). D2 silty sands were encountered in six of the nine 152 

CPTs that were pushed to refusal. Stratum D may belong to the Avonside Member of the Christchurch 153 

formation; a distinct unit, prevalent throughout eastern Christchurch (Begg et al. 2015). Finally, stratum E 154 
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represents the upper few meters of the Riccarton Gravel formation, comprised of very dense silty and sandy 155 

gravel. 156 

The groundwater table depth is estimated at 1.2 m below the ground surface during the earthquakes, 157 

based on nearby piezometer readings (CGD 2014b). The compression wave velocity (VP) was observed to 158 

be about 1,500 m/s just below a depth of 1.2 m, which suggests the soil is fully saturated (Yost et al. 2019). 159 

Partial saturation is therefore not expected to affect the cyclic resistance of soils below the water table. The 160 

drillers of BH 6000 and 6001 reported inflowing artesian pressures at depths of 24 m, with a head of ~1 m 161 

above the ground surface. These conditions indicate the existence of high excess pore pressures (Δu) within 162 

the Riccarton Gravel, likely obstructed from dissipating upwards by the relatively continuous and low 163 

permeability stratum D1. 164 

LIQUEFACTION VULNERABILITY INDEX ANALYSIS 165 

One-dimensional LVI analyses by Yost et al. (2019), performed with the stress-based liquefaction 166 

triggering procedure of Boulanger and Idriss (2014), for this site generally indicated an over-estimation of 167 

liquefaction manifestations for the 1D LVI metrics considered and for both the Sep2010 and Feb2011 168 

earthquakes. These LVI analyses were repeated using the same assumptions made by Yost et al. (2019), 169 

with the following exceptions: (1) integration was extended to a depth of 16 m rather than being limited to 170 

10 m, (2) a reduced PGA (as given in Table 1) was considered for the Feb2011 event, (3) inverse filtering 171 

of the CPT data for transition and thin layer effects was evaluated, and (4) site-specific calibration for the 172 

fines content correction factor (CFC) per Boulanger and Idriss (2014) of 0.21 for measured and 0.27 for 173 

inverse filtered CPT data determined based on correlating laser diffraction readings of the fines content 174 

(i.e., percent particles by mass less than 0.075 mm) in samples from BH 57235 with readings from adjacent 175 

SCPT 57360. For brevity, results are presented for only the Liquefaction Severity Number (LSN; van 176 

Ballegooy et al. 2014) and the 1-D vertical reconsolidation settlement (Sv-1D; Zhang et al. 2002) indices, 177 

together with the cumulative liquefied thickness (CLT). The liquefaction potential index (LPI; Iwasaki et 178 
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al. 1978) and Ishihara-inspired index (LPIISH; Maurer et al. 2015) were also determined to result in generally 179 

similar predictions. 180 

The results of the LVI analysis are summarized in Table 2 listing the range and mean values obtained 181 

for the CPTs in the SW and NE areas. A predicted damage category of expected liquefaction manifestations 182 

is also indicated based on LSN thresholds proposed by McLaughlin (2017), where LSN < 16 correlates to 183 

“none to marginal,” 16 ≤ LSN < 26 correlates to “moderate,” and LSN ≥ 26 correlates to “severe.” The 184 

overall conclusions for the Sep2010 and Feb2011 earthquakes are essentially the same as those by Yost et 185 

al. (2019). The LVI values obtained for the NE CPTs (i.e., near sand boils) are similar to those for the SW 186 

CPTs (i.e., away from sand boils) for each earthquake, and thus the LVIs provide no delineation between 187 

the areas that did and did not have surface ejecta. For example, the mean LSN for the SW versus NE areas 188 

for the Feb2011 earthquake were 36 versus 39 when using the measured CPT data and essentially equal at 189 

26 when using inverse filtered CPT data. Overall, the LSN and Sv-1D in Table 2 are generally consistent in 190 

showing: (1) an over-prediction of liquefaction manifestations for these earthquakes, (2) a slight reduction 191 

in the degree of over-prediction when using inverse filtered CPT data, and (3) a lack of differentiation 192 

between the areas that did and did not have surface ejecta.  193 

NONLINEAR DYNAMIC ANALYSIS METHODOLOGY 194 

Numerical Model 195 

Two-dimensional NDAs of the SW-NE trending cross section (Fig. 3) were performed using the finite-196 

difference program FLAC 8.1 (Itasca 2019) and the user-defined constitutive models PM4Sand (Version 197 

3.1; Ziotopoulou and Boulanger 2016, Boulanger and Ziotopoulou 2017) and PM4Silt (Version 1; 198 

Boulanger and Ziotopoulou 2018, 2019). The idealized profile is depicted on the 100-m-long central portion 199 

of the plane-strain mesh shown in Fig. 4. Stratum B is divided into B1 and B2 to account for slight property 200 

differences with depth. Strata C and D are modeled as having a fine-grained layer (i.e., C1 and D1) 201 

overlying a sand layer (i.e., C2 and D2) to reflect the typical apportioning of these interbedded layers. The 202 

full model mesh is 200 m long by 25 m tall, and is made up of 10,000 elements, each 1.0 m long by 0.5 m 203 
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tall. Sensitivity analyses showed that the dynamic response of the 100-m long central portion of the mesh 204 

is insensitive to the lateral boundary conditions for this mesh length, although the mesh length does 205 

influence pore pressure dissipation after the end of shaking as discussed later. Stress conditions were 206 

initialized prior to dynamic loading with elastic moduli that produce a coefficient of earth pressure at-rest 207 

(Ko) of 0.5 for all soil strata. The water table was initialized with a static phreatic surface at 1.2 m below 208 

the ground surface.  209 

The dry density, porosity, vertical hydraulic conductivity (kV), horizontal to vertical hydraulic 210 

conductivity ratios (kH/kV), and soil models used in the dynamic analyses are listed in Table 3. The primary 211 

set of analysis models assumed isotropic permeability for all strata (i.e., kH/kV = 1), whereas other analysis 212 

models used the listed kH/kV ratios to evaluate the effects of anisotropic permeability. Stratum E was 213 

modeled as an elastic material with a Poisson’s ratio of 0.33; the elastic shear modulus was set to 70% of 214 

the small strain shear modulus corresponding to a shear wave velocity of 400 m/s, estimated for this strata 215 

based on surface wave (MASW) measurements at nearby sites (Wotherspoon et al. 2015). Rayleigh 216 

damping of 0.5% at a frequency of 1 Hz was used in the analyses.  217 

Boundary conditions were selected to approximate free-field conditions during earthquake excitation. 218 

A compliant (quiet) base was used, with the outcrop input motion applied as a horizontal stress-time history. 219 

The left and right boundaries of the model (50 m away from the boundaries shown in Fig. 4) were attached 220 

together; other analyses using "free field" side boundary conditions (absorbing boundaries) confirmed that 221 

the system responses in the 100 m long central portion were generally insensitive to the choice of boundary 222 

condition. The pore pressure boundary conditions were freed (i.e., impermeable) at the sides of the model 223 

and fixed (i.e., allowed to flow outside the model) at the base and top of the model. Thus, the dissipation of 224 

excess pore pressures (Δu) generated during shaking is accompanied by net seepage flows into the soils 225 

above the static phreatic surface or downward through the model base.  226 

Groundwater flow was modeled both during and following earthquake excitation. Seepage rates during 227 

dynamic shaking were relatively small, such that the FLAC solution process was controlled by dynamic 228 

time step requirements (i.e., including ground water flow did not significantly slow the solution process). 229 
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For simulating post-shaking pore pressure diffusion, an alternative solution process is required for 230 

efficiency because of the long time frames involved. For the present analyses, the post-shaking 231 

reconsolidation process was sped up by scaling all kV (with kH/kV held constant) by a factor of 100 at the 232 

end of strong shaking, which effectively scales the post-shaking time by a factor of 1/100. In addition, the 233 

kV of the surficial stratum A was further increased by a factor of 10 to 1.0E-04 m/s (e.g., equivalent to kV 234 

of stratum B) to approximately account for the effects of cracking and the formation of sand boil pipes 235 

which cannot be explicitly simulated using FLAC. The influence of this permeability reduction is evaluated 236 

as part of the sensitivity studies later described. The PostShake option of the PM4Sand and PM4Silt 237 

constitutive models was activated at the end of strong shaking to more reasonably simulate volumetric 238 

reconsolidation strains after shaking. Analysis results are compared for the time when at least 80% of Δu 239 

has dissipated in all vertical soil columns above D1 and within the central 60 m of the model mesh, which 240 

was sufficient time for the majority of surface settlements to have developed (the influence of mesh 241 

dimensions and consolidation time are later discussed).   242 

Calibration of Constitutive Models 243 

The PM4Sand and PM4Silt constitutive models were calibrated for four sets of representative values 244 

for the normalized clean sand corrected tip resistance (qc1Ncs) for the sand strata and the undrained shear 245 

strength ratio (su/σ’vc) for the fine-grained soil strata, respectively. The representative value sets were 246 

determined as: (1) 33rd percentile from measured CPT data (33Meas), (2) 50th percentile from measured 247 

CPT data (50Meas), (3) 33rd percentile from inverse filtered CPT data (33IF), and (4) 50th percentile from 248 

inverse filtered CPT data (50IF). Inverse filtering was performed per Boulanger & DeJong (2018) with 249 

baseline filter parameters. For each stratum, 33rd and 50th percentile values for qc1Ncs or su/σ’vc were obtained 250 

based on all CPTs at the site. The 33rd to 50th percentile range is expected to encompass reasonably unbiased 251 

estimates of expected responses based on the findings of Montgomery and Boulanger (2016) for NDAs 252 

involving an evaluation of post-liquefaction reconsolidation settlements. 253 
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Fig. 5 depicts cumulative distribution functions (CDFs) of qc1Ncs for all sand strata (i.e., A, B1, B2, C2, 254 

D2). The qc1Ncs values were calculated using the relationships of Boulanger and Idriss (2014) with a site-255 

specific CFC from all CPT readings with Ic ≤ 2.6.  The faded lines depict the CDFs for data from individual 256 

CPTs, while the bold line represents the CDF for the data from all CPTs combined. For stratum B, the 257 

CDFs for all CPT data in the upper B1 and lower B2 substrata show relatively small differences between 258 

these two substrata. Inverse filtering of the CPT data results in slightly greater qc1Ncs values and increased 259 

CDF variability among individual CPTs for each stratum. As most evident in strata C2 and D2, the 260 

difference in qc1Ncs between the measured and inverse filtered data tends to increase at larger qc1Ncs values. 261 

The stratum B CDFs display the least variation among individual CPTs, as expected since (1) it is a thicker 262 

stratum (i.e., more sample points are expected to better constrain the shape of the distribution), and (2) it is 263 

consistently represented in all CPTs with only occasional interbeds.  264 

Fig. 6 depicts CDFs of the undrained shear strength ratio (su/σ'vc) for the fine-grained soil strata (i.e., 265 

C1, D1). In the absence of vane shear testing or site-specific laboratory data, the undrained shear strength 266 

ratio (su/σ'vc) was calculated based on an assumed cone bearing factor (Nkt) of 15 for all soil with Ic > 2.6. 267 

Only selective depth intervals of fine-grained soils were targeted within the C and D strata, to further 268 

minimize the influence of thin interbeds and transition zones. The individual and combined CPT CDFs 269 

depict su/σ'vc typically decreasing due to inverse filtering. As with the sand strata, the individual CPTs show 270 

greater variability with inverse filtering. 271 

The calibrated PM4Sand parameters for the four sets of representative properties are presented in Table 272 

4. The unitless shear modulus coefficient (Go) was determined based on the Vs and effective stresses at the 273 

middle of each stratum, as approximated from the DPCH and SCPT data. The apparent relative densities 274 

(DR) were derived from the applicable representative qc1Ncs for each stratum using the relationship in 275 

Boulanger and Idriss (2014). The contraction rate parameter (hpo) was chosen based on an iterative 276 

adjustment to obtain a peak shear strain of 3% with a target normalized cyclic resistance ratio (CRRM7.5,1atm) 277 

in 15 uniform stress cycles of simulated undrained direct simple shear (DSS) loading. The CRRM7.5,1atm 278 
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target value was obtained based on the qc1Ncs relationship by Boulanger and Idriss (2014). Default values 279 

were used for all secondary PM4Sand parameters. 280 

The calibrated PM4Silt parameters are presented in Table 5. The Go was determined based on the Vs 281 

and effective stresses at the middle of each stratum, as approximated from the DPCH and SCPT data. The 282 

undrained strength ratio at critical state under earthquake loading (su,cs,eq/σ'vc) for each stratum is based on 283 

a 25% increase for strain rate effects and the assumption of relatively modest post-peak strain softening for 284 

the range of strains that develop in these simulations. The hpo parameter was chosen based on an iterative 285 

adjustment to obtain a reasonable slope of cyclic resistance against the number of uniform loading cycles 286 

to cause a 3% peak shear strain under simulated DSS loading; e.g., cyclic stresses of 0.7 times su,eq reached 287 

the failure criterion in about 15-20 cycles. The simulated undrained cyclic loading response with a default 288 

shear modulus parameter (ho) resulted in shear modulus reduction and equivalent damping behavior similar 289 

to the empirical relationships of Darendeli (2001) for strata C1 and D1. Default values were used for all 290 

other secondary PM4Silt parameters. 291 

The differences in the calibrated constitutive responses are illustrated in Fig. 7 showing the cyclic stress 292 

ratio versus number of uniform cycles to 3% peak γ (N) for the B2 sand (Fig. 7a) and D1 clayey silt (Fig. 293 

7b) for the 33Meas, 50Meas, 33IF, and 50IF property sets. These results illustrate that using the inverse 294 

filtered CPT data generally produced greater strengths for the sands and lower strengths for the clays and 295 

silts. These property sets cover a range of conceivable model parameterizations for the different interlayered 296 

soils encountered at the site, thereby indirectly encompassing model parameter variations that could have 297 

been derived by varying other components of the liquefaction analysis procedures (e.g., overburden stress 298 

corrections; liquefaction triggering correlations; fines content corrections). 299 

Development of Ground Motions 300 

Input motions for each of the Sep2010 and Feb2011 events were developed by two approaches: (1) 301 

deconvolution of a nearby recording over a “stiff” profile with scaling for site-to-source path effects, per 302 

the approach used by Ntritsos et al. (2018), (2) physics-based ground motion simulations by Razafindrakoto 303 
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et al. (2016). Two horizontal components, labeled H1 for north-south and H2 for east-west trending 304 

motions, were considered separately for each ground motion set of each event. Fig. 8 depicts acceleration 305 

time-histories and associated response spectra for the eight horizontal input motions considered. 306 

The first approach used to develop input ground motions involved a modification of the outcropping 307 

motions recorded ~10 km away at the RHSC SMS (GeoNet n.d.). This station, located in an area that did 308 

not experience liquefaction during the CES, was chosen to avoid strong nonlinear soil site effects that could 309 

invalidate deconvolution procedures. The recordings at that station were first deconvolved to the Riccarton 310 

Gravel stratum using the 1D equivalent-linear site response program Strata (Kottke et al. 2018), following 311 

the guidance and recommended procedure detailed in Markham et al. (2016). To account for site-to-source 312 

path effects, the resulting motions were scaled with a least-squares fit to the mean empirical ground motion 313 

model (GMM) by Bradley (2013) between spectral periods of 0.5 to 1.0 seconds. This range of periods 314 

spans the initial fundamental period of the modeled soil profile (above Riccarton Gravel) under initial 315 

conditions (Tn,i), to 2Tn,i, to account for period lengthening that may occur during the earthquake. The GMM 316 

and associated standard deviation bands were developed for each event, assuming a shear wave velocity 317 

over 30 m (Vs30) of 400 m/s (representing the profile at depths greater than those being explicitly modeled), 318 

and fault parameter estimates from Beavan et al. (2012). The modified RHSC input motions are hereafter 319 

labeled as RHSC*. The applied scaling factors were 1.0, 1.25, 1.8, and 2.6 for the Sep2010 H1 and H2, and 320 

Feb2011 H1 and H2 RHSC* motions, respectively. 321 

The second approach involved obtaining ground motions from 3D physics-based simulations, which 322 

can account for some of the complexity of the Canterbury basin and source-to-site path effects. Ground 323 

motion simulations (hereafter labeled as GMSs) have been shown to typically predict ground motions with 324 

comparable bias and uncertainty as empirical GMMs for Christchurch sites during the CES, provided local 325 

site effects are properly considered (de la Torre et al. 2020). For the present study, GMSs by Razafindrakoto 326 

et al. (2016), which are based on the methodology of Graves and Pitarka (2010), were obtained from the 327 

SeisFinder database (QuakeCore n.d.), at a location within 200 m from Palinurus Road for the Sep2010 and 328 

Feb2011 events. These GMSs use a finite difference scheme to propagate low frequency (< 1 Hz) waves 329 
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through a 3D viscoelastic model with a grid spacing of 100 m and a minimum shear wave velocity (VS) of 330 

500 m/s. High frequency (> 1 Hz) waves are modeled using a semi-empirical approach with a stochastic 331 

source radiation pattern and simplified 1D wave propagation. The motions obtained from Seisfinder include 332 

a pre-applied VS30-based site amplification function by Campbell and Bozorgnia (2014), with truncation at 333 

short and long periods as recommended by Graves and Pitarka (2010), to account for local site conditions. 334 

To allow for proper input of the GMSs within Riccarton Gravel, the amplification function was removed 335 

in the frequency domain for each simulation, using an iterative procedure recommended by C. de la Torre 336 

(personal communications). The resulting GMSs did not require further deconvolution due to the model VS 337 

cap at 500 m/s, which is an adequate assumption for an elastic halfspace boundary within Riccarton Gravel. 338 

A vertical GMS motion was also obtained for the Feb2011 event and was included as part of a sensitivity 339 

analysis as later discussed. 340 

Differences in the intensity, frequency content, and duration of the input ground motions are depicted 341 

in Fig. 8. For the Feb2011 event, the GMS motions have a shorter duration and different frequency content 342 

than the RHSC* motions. In particular, the GMS motions begin with a long period (1 to 2 s) pulse, 343 

preeminent in the fault normal (i.e., H1) direction, which may be expected due to near-fault directivity 344 

effects. Recordings at nearby PRPC (~2.8 km N of Palinurus Road) and CCCC (~3.5 km NW) SMSs each 345 

exhibit similar short durations and at least one long period pulse, albeit with a slightly greater distance from 346 

the fault and location atop different profiles that liquefied (Wotherspoon et al. 2015). The RHSC* motions 347 

may have unrepresentative longer durations due to the far-field distance of the recording station, which may 348 

have been influenced by surface waves and path-dependent dispersion. The GMS motions may therefore 349 

provide more realistic interpretations of the actual motions at Palinurus Road for the Feb2011 event. For 350 

the Sep2010 event, although the duration between the motions from each approach is similar (i.e., as 351 

expected, since both approaches consider similar path effects relative to the source location), the GMS 352 

motions have consistently higher spectral accelerations than the GMM at all periods between 0.4 and 3 s. 353 

Simulations for the Sep2010 event generally over-estimate both recordings and the GMM (Razafindrakoto 354 

et al. 2016), which may in part be due to complications in modeling the multi-fault rupture of this event (de 355 
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la Torre et al. 2020). Thus, the RHSC* motions may better represent the motions experienced at Palinurus 356 

Road during the Sep2010 event. Nonetheless, it is of interest to examine how the dissimilarities of the two 357 

sets of motions, both derived through reasonable approaches, affect the computed response at Palinurus 358 

Road for each event. 359 

DYNAMIC SIMULATION RESULTS 360 

Results are presented for NDAs examining the effects of using the 33Meas, 50Meas, 33IF, and 50IF 361 

property sets and the four different input motions for the Feb2011 and Sep2010 events, followed by 362 

sensitivity analyses that include the effects of parameters that influence pore pressure diffusion. Dynamic 363 

responses for the Feb2011 event are described in greater detail for three cases to illustrate some key features 364 

of the responses when there are significant liquefaction effects. Dynamic responses for the Sep2010 event 365 

are described in less detail because many of the analysis cases did not exhibit significant liquefaction 366 

effects, consistent with observations at the site following this event.  367 

Dynamic Response during February 2011 Event with 33rd Percentile Measured Properties 368 

The dynamic response of the model with 33Meas properties subjected to the GMS-H1 input motion for 369 

the Feb2011 event is depicted in Fig. 9 showing time histories of the cyclic stress ratio (CSR), engineering 370 

shear strain (γ), and excess pore pressure ratio (ru) at six depths on both the southwest (SW, x=19.5 m) and 371 

northeast (NE, x=89.5 m) sides of the site. Also shown is the calculated CSR within stratum E, at x=50 m, 372 

which was modeled as linear elastic. The CSR is computed as the ratio of the cyclic horizontal shear stress 373 

to initial vertical consolidation stress (σ'vc). The ru is computed as one minus the ratio of the current to initial 374 

vertical effective stress (i.e., 1 - σ'v/σ'vc), which is preferred over using Δu/σ'vc for system level analyses 375 

wherein the total vertical stress may fluctuate; the two definitions are equivalent if the total vertical stress 376 

does not change during loading. For presentation purposes, liquefaction of an element is considered to have 377 

been triggered wherever ru becomes greater than or equal to 95%. 378 

Several observations can be made from the CSR, γ, and ru plots of Fig. 9. A significant aspect of the 379 

GMS-H1 motion is that it contains a large full-cycle velocity pulse, which causes CSR to reach a peak at 380 
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5.2 s. This pulse causes large shear strains within the soft D1 clayey silt stratum, reaching a maximum γ of 381 

19% (note the depicted element responses in D1 at a depth of 17.25 m on the SW and NE sides reach a 382 

slightly lower peak γ of 10% due to their position one row above the D1 row that reaches γ of 19%). During 383 

the last half-cycle of the pulse (e.g., 6.3 s), liquefaction is triggered throughout much of the C2 and B2 384 

sands. Following the pulse, several smaller cycles of loading (CSR < 0.2) continue causing significant 385 

cyclic variations in shear strain and contribute to slight increases of ru with time, as observed in the NE-386 

7.75 m plots between 7 to 12 s. The ru steadily increases from 6.5 s until the end of shaking for the shallow 387 

NE-3.25 and NE-6.25 m plots, which is attributed to pore pressure migration from deeper layers that 388 

liquefied earlier (a sensitivity analysis confirmed that 20-30% less soil liquefies without flow during 389 

shaking). Fig. 9 also shows the dissipation of ru for 100 minutes after shaking. Pore pressures within the 390 

SW sand layers underlying the low-permeability C1 silt stratum, are the slowest to dissipate due to their 391 

elongated dissipation path around the silt layer. 392 

Contours of the maximum ru and γ during shaking are shown in Fig. 10. The responses are relatively 393 

uniform across the model for depths below 7.5 m, including the extent of liquefaction triggering (i.e., high 394 

ru) across the B2 sand and the peak strain strains across the underlying D1 clayey silt. Along the top 6 m of 395 

the profile, there is significantly more liquefaction in the B1 sand at the NE as opposed to the SW despite 396 

these two areas experiencing almost equal CSR time histories (Fig. 9). The more extensive triggering of 397 

liquefaction in the B1 sand at the NE is attributed to upward seepage (i.e., pore pressure diffusion) from the 398 

underlying B2 sand which liquefied earlier. Pore pressure diffusion and seepage from the B2 sand at the 399 

SW is impeded in the vertical direction by the lower permeability C1 silt, such that upward flow into the 400 

overlying B1 sand during strong shaking is greatly reduced in this area. Pore pressure diffusion from the 401 

B2 sand at the SW is instead controlled by horizontal seepage toward the NE until it passes beyond the end 402 

of the C1 silt, which takes more time and thus occurs primarily after the end of strong shaking. 403 

The temporal trend of excess pore pressure diffusion and ground water flow following strong shaking 404 

indicates that the majority of the outflow occurred on the NE side, just beyond the right edge (x=53 m) of 405 
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the low-permeability C1 stratum. Isochrones of the total outflow volume per area (QVOL/A) at the phreatic 406 

surface are plotted versus the x-position along the model in Fig. 11. The QVOL/A as defined herein provides 407 

a unit length measure of the cumulative pore water volume that drains vertically towards the phreatic 408 

surface, normalized by the horizontal area perpendicular to flow. It is calculated along the row of mesh 409 

elements just below the phreatic surface and is used to provide a general understanding of the spatial 410 

distribution of the total flow quantity at the ground surface. In reality, this value is likely affected by several 411 

details in the crust that might affect the exact flow path and formation of ejecta at the surface, and so it is 412 

only treated as a relative indicator among the models considered in this report. Associated isochrones of 413 

the vertical settlement (∆y) relative to stratum D1 during reconsolidation are also shown in Fig. 11; 414 

settlements relative to the middle of stratum D1 are used for this comparison because the ground water flow 415 

during pore pressure diffusion is upward toward the phreatic surface for soils above D1 and downward 416 

toward the model base for stratum D2 that underlies D1. At 100 s after shaking, QVOL/A is approximately 417 

equal to ∆y along the full width of the model. This synchronicity is expected because the outflows at this 418 

time are associated with volumetric strains in the near surface soils (i.e., closest to the drainage boundary), 419 

without much influence from flow processes at greater depths. The ∆y and QVOL/A at this time are greater 420 

at the NE than at the SW because there is more extensive shallow liquefaction at the NE, which results in 421 

greater upward hydraulic gradients and outflow rates. As time progresses, the ∆y and QVOL/A isochrones 422 

gradually diverge with QVOL/A ≥ ∆y to the NE and QVOL/A < ∆y to the SW. The QVOL/A is greatest just north 423 

of the end of the C1 stratum (x between ~50 to 70 m), with the peak “final” QVOL/A of 20 cm being more 424 

than three times the “final” ∆y of 6 cm. The QVOL/A does remain approximately equal to ∆y further to the 425 

NE (e.g., x > 100 m) where pore pressure diffusion is not significantly influenced by lateral flows. 426 

Conversely, the QVOL/A remains small above the C1 stratum on the SW side (x < 40 m), with the final 427 

QVOL/A of 1 cm being a small fraction of the final ∆y of 3-4 cm.  428 

The results in Fig. 11 correspond to a common final time of 6.6 hours, which is when 80% of Δu has 429 

dissipated in all soil columns above D1 and within the central 60 m of the model. The post-earthquake ∆y 430 



  18                   Bassal & Boulanger, June 2021 

time histories in Fig. 12 depict how the displacements at times beyond 80% reconsolidation (i.e., beyond 431 

the dashed line at 6.6 hours) level out towards a constant value for soil columns located at the SW (x = 19.5 432 

m) and NE sides (x = 89.5 m). Allowing reconsolidation to progress from 80% to about 95% (i.e., 6.6 to 14 433 

hours) in all columns causes about 10 to 20% more settlement at only the SW side, increases the outflow at 434 

only the center of the site by 10 to 20% (i.e., the peak outflow is slightly more pronounced), and more than 435 

doubles the computational times to approximately one week. The peak outflows are more strongly 436 

dependent on the horizontal length of the model because that controls the consolidating soil volume. The 437 

field stratigraphy is not known outside the area of site explorations, such that the reconsolidation analyses 438 

primarily serve to illustrate relative values and patterns in surface outflows.  439 

The results in Fig. 11 illustrate that reconsolidation of the soils beneath the lower permeability C1 silt 440 

stratum on the SW side is accommodated by ground water flowing laterally toward the NE side, where it 441 

can more easily escape to the ground surface. Ground water fluxes of less than 1 cm on the SW side appear 442 

consistent with the absence of sand boils in this area, and ground water fluxes of up to 20 cm on the NE 443 

side appear consistent with observations of sand boils in that area. The delayed development of outflow is 444 

also consistent with the documented time span of sand boil formations; the spouting of ejecta often begins 445 

after shaking and continues for tens of minutes (Housner 1958, Ambraseys and Sarma 1969). The computed 446 

settlements of 3-4 cm to the SW and 6 cm to the NE are reasonably consistent with the absence of visible 447 

ground cracking, given that settlements of less than ~10 cm would be difficult to detect visually in a grass 448 

field unless they varied sharply over short distances. 449 

Dynamic Response during February 2011 Event – Effect of Properties 450 

The effect of the alternative representative property sets (Tables 4 and 5) on dynamic response was 451 

evaluated using the GMS-H1 input motion for the Feb2011 event. As depicted in Fig. 7a and 7b, the 452 

33Meas, 50Meas, 33IF, and 50IF property sets represent variable cyclic responses for which clay-like soils 453 

may be weaker or stronger than sand-like soils for a given set. For instance, the cyclic strengths for the D1 454 

clayey silt is greater than for the B2 sand when using the 33Meas property set for all cycles greater than 455 

N=3, but smaller when using the 33IF property set for all cycles. 456 
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The dynamic response for 33IF properties is depicted by the time history, contour, and isochrone plots 457 

in Figs. 13, 14, and 15, respectively. Referring to the time histories of CSR, γ, and ru in Fig. 13, the initial 458 

large pulse in the input motion causes yielding and large shear strains (i.e., > 10%) in the D1 clayey silt, 459 

which limits the magnitude of the cyclic stresses transmitted to the overlying strata. The CSR in D1 at NE-460 

17.25 m and SE-17.25 m tend to cap at ~0.25, consistent with the cyclic strength shown in Fig. 7b. The 461 

transmitted stresses produce CSR in the overlying strata that are insufficient to trigger liquefaction or 462 

significant shear strains except within the C2 loose sand at SE-7.75 m. The CSR time series in Fig. 13 are 463 

significantly weaker than those obtained for the 33Meas property set (Fig. 9), with the reductions in CSR 464 

attributed primarily to the D1 stratum being significantly weaker for the 33IF property set (Fig. 7b). 465 

Comparing the contours of ru and maximum γ for the 33IF properties (Fig. 14) and 33Meas properties (Fig. 466 

10) similarly illustrates how the weaker D1 strength limited large shear strains to the D1 stratum and limited 467 

liquefaction triggering to the C2 stratum on the SE side.  468 

The isochrones of QVOL/A and ∆y following strong shaking for the 33IF case (Fig. 15) show the effects 469 

of lateral ground water flow during pore pressure diffusion are similar to those for the 33Meas case (Fig. 470 

11), notwithstanding the less extensive triggering of liquefaction. In this case, the SW experiences a larger 471 

∆y than the NE (i.e., 1 cm versus 0.2 cm) because liquefaction triggering was largely limited to the C2 472 

stratum on the SW side. Diffusion of excess pore pressures from the C2 stratum is again dominated by 473 

lateral seepage toward the NE, leading to the seepage outflow at the phreatic surface (QVOL/A) being greatest 474 

just past the northern edge of the C1 silt stratum.  The maximum final QVOL/A of 5.4 cm is far greater than 475 

the ∆y of 0.2 cm at this location or the ∆y of 1 cm toward the SW. These ∆y are consistent with the absence 476 

of visible surface settlements or ground cracking, whereas the maximum seepage outflow seems sufficient 477 

to have produced visible sand or water ejecta in this local area. 478 

Results of the NDAs using the four representative property sets with the GMS-HI input motion for the 479 

Feb2011 event are summarized in the first four rows of Table 6, which lists several metrics of the dynamic 480 

response (i.e., maximum γ in D1, CLT at the SW and NE) and post-earthquake response (i.e., ∆y at the NE 481 
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and SW, maximum QVOL/A, reconsolidation time). The response metrics using the 50Meas properties are 482 

similar to those obtained using 33Meas properties (e.g., Figs. 9-11), with both cases predicting the CLT to 483 

be more than 6 m on both the SW and NE sides, surface settlements of about 3.5 cm to the SW and 6 cm to 484 

the NE, and peak surface outflows of 20-21 cm just north of the C1 stratum. The response metrics using the 485 

50IF properties are similar to those obtained using 33IF properties (e.g., Figs. 13-15), with both cases 486 

predicting the CLT to be about 1 m to the SW and 0 m to the NE, surface settlements of about 1 cm to the 487 

SW and 0.2 cm to the NE, and peak surface outflows of 5 cm just north of the C1 stratum. The limited extent 488 

of liquefaction triggering for the 50IF case is attributed to it having the greatest cyclic strengths for the B1 489 

and B2 sand strata (Table 4 and Fig. 7a), whereas the limited extent of liquefaction triggering for the 33IF 490 

case was attributed to it having the weakest cyclic strengths for the D1 stratum (Fig. 7b).  491 

Dynamic Response during February 2011 Event – Effect of Input Motion 492 

The effect of alternative input motions for the Feb2011 event was evaluated first using the RHSC*-H1 493 

motion with the 33Meas, 50Meas, 33IF, and 50IF property sets. The metrics of the dynamic response for 494 

these four cases are summarized in rows 5 through 8 of Table 6. The relative effect of changing property 495 

sets were similar to those obtained using the GMS-H1 motion (rows 1 through 4 of Table 6). The responses 496 

for the two motions however do affect certain features of the response that are described for the 33Meas 497 

property set below. 498 

 The dynamic response for the RHSC*-H1 motion with the 33Meas property set is depicted by the time 499 

history and contour plots shown in Figs. 16 and 17, respectively. The RHSC*-H1 motion contains several 500 

large cycles, though none are as large as the initial pulse of the GMS-H1 motion (Fig. 8). Consequently, 501 

the maximum γ in the D1 clayey silt is less than 2% for this motion compared to 19% with the GMS-H1 502 

motion (Table 6). Excess pore pressures in the sand strata generally increase with each cycle of loading 503 

leading to liquefaction being triggered in C2 (7.75 m depth) at 6.2 sec, in D2 (18.25 m depth) and the middle 504 

portion of B2 (7.75m depth) at ~9 sec, and in B1 (3.25 m depth) and more widely in B2 (5.25 m and 13.25 505 

m depths) at ~12 sec. The effects of liquefaction triggering at different depths and times are evident in the 506 

waveform characteristics of the acceleration and CSR time series. The more extensive liquefaction in B2 at 507 
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the NE as compared to the SW was likely caused by the early liquefaction triggering in C2, which altered 508 

the dynamic response and limited the peak CSR that could be experienced on that side thereafter.  509 

Contours of the maximum ru and γ during shaking in Fig. 17 show that the B1 and B2 strata have greater 510 

volumes of liquefied soil at the NE side as opposed to the SW side. The greatest γ (5 to 9%) developed in 511 

the C2 and D2 silty sands, although significant strains also developed along the bottom of stratum A (~3%) 512 

and throughout stratum B2 on the NE side (~ 2 to 5%). The overall pattern of strains are consistent with the 513 

cyclic behavior and relative densities of each stratum. The isochrones of QVOL/A and ∆y following strong 514 

shaking for the RHSC*-H1 motion shown in Fig. 18 are similar to those for the GMS-H1 motion (Fig. 11), 515 

except for the ∆y being slightly greater to the NE (10 cm versus 6 cm). The peak final QVOL/A is 20-21 cm 516 

just north of the edge of the C1 stratum for both motions, which suggests that the C1 stratum would be 517 

expected to have similar effects on the likely distribution of surface ejecta despite the differences in the 518 

input motions and dynamic site response.  519 

The effects of other variations in input motions were evaluated with the 33Meas properties, with the 520 

results summarized in the last four rows of Table 6. For the 33Meas properties, the GMS-H1, GMS-H2, 521 

RHSC*-H1, and RHSC*-H2 motions produced generally similar values for the CLT (4.5-7.5 m to SW, 7-17 522 

m to NE), surface settlements (2.7-3.7 cm to SW, 4.3-9.7 cm to NE), and maximum QVOL/A (15-21 cm). 523 

Responses using the GMS-H1 motion with reversed polarity and the GMS-H1 motion with the vertical 524 

component included were both within 10% of the response for the GMS-H1 motion alone.  525 

The GMS and RHSC* alternative input ground motion sets produce differences in the dynamic 526 

response but ultimately similar liquefaction effects, which may partially be explained by differences in the 527 

ground motion’s intensity near the site period and duration (number of effective cycles). These effects have 528 

similarly been observed to have a compensating influence on simplified liquefaction triggering when 529 

comparing near-fault motions in the strike normal direction (i.e., with larger cyclic stresses but fewer 530 

equivalent cycles), with the strike parallel direction (e.g., Green et al. 2008). GMS-H1 in this case is 531 

characteristic of a motion with directivity effects and RHSC*-H1 may be likened to a motion without 532 
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directivity effects. For this site, similar liquefaction effects may also be attributed to a complex interplay 533 

between different soil layers and the timing of high intensity cycles, whereby early yielding in some layers 534 

have influenced the transmitted CSR to other layers (as also observed by Cubrinovski et al. 2018).  535 

Lateral Variations in Surface Motions and Horizontal Ground Strains 536 

The variation in ground surface motions from the SW to NE are illustrated by the acceleration time 537 

series and response spectra for the 33Meas properties with the GMS-H1 and RHSC*-H1 motions in Fig. 538 

19. The accelerations at the ground surface for locations to the SW and NE for the GMS-H1 motion have 539 

only slight differences over the full duration of shaking, with both showing significant damping of motions 540 

after liquefaction is triggered during the first strong pulse of motion. The response spectra for the surface 541 

motions are higher than the base spectrum at low periods up to 0.04 s, are primarily lower between 0.04 to 542 

1.5 s, and are very slightly higher at periods above 1.5 s. Both surface spectra are fairly consistent with one 543 

another, except the SW motion is slightly lower at all periods below 0.1 s. The accelerations at the ground 544 

surface for points to the SW and NE for the RHSC*-H1 motion also have only slight differences over the 545 

full duration of shaking, with the effects of liquefaction triggering evident after about 7 s. The surface time 546 

histories for this motion display prominent high frequency “dilation spikes” after the onset of liquefaction. 547 

These spikes are attributed to “liquefaction shockwaves” (Kutter and Wilson 1999) associated with the 548 

constructive wave interference that can develop if the waves passing through a liquefied soil are strong 549 

enough to produce incremental dilation and stiffening (e.g., the transient stiffening phase during cyclic 550 

mobility). The response spectra for the surface motions are higher than the base spectrum at low periods up 551 

to ~0.07 s, are then lower up to 0.7 s, and are higher at periods above 1.0 s. The NE surface spectrum is at 552 

least 30% higher than the SW at low periods up to 0.3 s, but they are roughly equal at larger periods. The 553 

peak surface acceleration for both input motions is slightly smaller on the SW side, which may be attributed 554 

to the influence of the relatively weaker/looser C1 and C2 strata on this side. 555 

Variations in horizontal ground strains across the site are illustrated by the contours of maximum 556 

horizontal extensional and compressive strains (εx) in Fig. 20 for the 33Meas model subjected to the GMS-557 

H1 (Fig. 20a) and RHSC*-H1 (Fig. 20b) motions. The slight differences in the ground motions on the SW 558 
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and NE sides of the site, due to the slightly different profiles and differences in liquefaction responses, 559 

produce horizontal strains in the near surface soils near the central portion of the site (i.e., around the 560 

northern edge of the C1 stratum). These maximum horizontal strains are greater for the RHSC*-H1 motion 561 

than for the GMS-H1 motion, which is consistent with greater differences in surface accelerations between 562 

the SW and NE sides (Fig. 19). Additional deformations in the near surface soils can be expected to arise 563 

from lateral variability in soil properties (e.g., Montgomery and Boulanger 2016), which is not accounted 564 

for in these analyses. The maximum horizontal strains in this area during shaking exceed 0.2% for the 565 

RHSC*-H1 motion and for several other of the analysis cases listed in Table 6. The cycling of horizontal 566 

extensional and compressive strains in this area may be sufficient to promote surface cracking and facilitate 567 

sand boil formation, particularly in combination with the local concentration of seepage outflows.  568 

Sensitivity of Diffusion Behavior to Other Model Variations 569 

Four different model assumptions that influence pore pressure diffusion were examined using the 570 

33Meas model with the GMS-H1 motion: (1) reduced lateral extent of stratum C, (2) anisotropic 571 

permeabilities, (3) decreased crust permeability, and (4) increased crust permeability at locations assigned 572 

cracks due to excessive tensional strains. All five models had similar extents of liquefaction triggering and 573 

ground surface settlements, with the only significant differences being in the pore pressure dissipation 574 

responses. The final distributions of QVOL/A and ∆y are shown in Fig. 21, at the time when at least 80% of 575 

Δu has dissipated in all vertical soil columns above D1 and within the central 60 m of the model. The first 576 

model variation was reducing the length of stratum C. The 200 m long baseline model drains all Δu beneath 577 

a 103 m long stratum C to the NE. This assumption implies Δu has no other direction to flow (e.g., no water 578 

outlets through low permeability stratum C1; no flow to the SW or in the third dimension). To check the 579 

sensitivity of this assumption, the model extents were reduced to 160 m and C1 was reduced to 83 m, 580 

preserving the center portion of the model with minimal boundary disturbance. This ~20% reduction in the 581 

length of C1 resulted in only a ~10% reduction of peak outflow, while preserving the same shape as the 582 

baseline QVOL/A. The second model variation was including anisotropic kH/kV values listed in Table 3. This 583 
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change caused a ~20% reduction in the peak outflow and slightly broadened the QVOL/A distribution. This 584 

result is expected due to a higher kH causing flow lines to spread further laterally beyond the edge of the 585 

C1 stratum before turning toward the surface. The third model variation was decreasing kV of stratum A by 586 

a factor of 10 relative to the base case (i.e., kV remains constant at 1/10th that of the underlying B2). This 587 

reduced the peak outflow by ~40%, broadened the QVOL/A distribution, and reduced NE reconsolidation by 588 

1.9 cm. The broader QVOL/A distribution is attributed to the buildup of Δu below stratum A, which allowed 589 

Δu to spread laterally beneath A as it dissipated into A. The settlement at the NE side was reduced because 590 

the average degree of consolidation at the NE side is about 10% less than the base case, even for the same 591 

reconsolidation criteria (Fig. 12); these differences in settlement and peak outflows are smaller if the results 592 

are compared at closer to 100% consolidation throughout the full profile. The fourth model variation 593 

imposed a tenfold increase of kV for any zone in stratum A with extensional strains greater than 0.05% (this 594 

arbitrary threshold value was selected for qualitative insight). This resulted in an irregular QVOL/A 595 

distribution (because the increase in kV was irregular, as may be expected with the development of irregular 596 

crack patterns) and an almost 40% increase in the peak QVOL/A value. In all cases, the peak QVOL/A is 597 

located near x=55-60 m, just north of the lateral edge of the C1 stratum.  598 

Dynamic Response during September 2010 Event – All Cases 599 

Results of the NDAs using the four property sets with the RHSC*-H1 motion and the 33Meas property 600 

set with the four alternative input motions for the Sep2010 event are summarized in Table 7. No liquefaction 601 

occurred using the 33Meas, 50Meas, 33IF, or 50IF properties with the RHSC*-H1 motion, and liquefaction 602 

was limited to a 0.5-m thick zone on the SW side using the 33Meas properties with the RHSC*-H2 motion. 603 

The ∆y was less than 1 cm and the maximum QVOL/A was less than 3 cm for these cases, in congruence 604 

with the absence of visible liquefaction manifestations during this event. The responses using the 33Meas 605 

properties with the GMS-H1 and GMS-H2 motions predicted significant CLTs (1.5-7.5 m to SW, 4.5-14 m 606 

to NE), surface settlements (1.6-3.5 cm to SW, 2.4-7.3 cm to NE), and maximum QVOL/A (10-22 cm). The 607 

input response spectra of the GMS motions produced from the complex multi-fault rupture of this Sep2010 608 
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event have been generally observed to overestimate both the actual recordings and the GMM 609 

(Razafindrakoto et al. 2016, de la Torre et al. 2010), and are therefore believed less suited for evaluating 610 

dynamic response at this site.  611 

DISCUSSION 612 

The 2D NDA results provide insights and reasonable bounds on the observed patterns of liquefaction 613 

manifestation at Palinurus Road for the Feb2011 and Sep2010 earthquakes. The parametric studies were 614 

generally consistent in indicating that significant liquefaction effects would be expected in the Feb2011 615 

event and not expected in the Sep2010 event, although less consistent results were obtained for some 616 

combinations of soil properties and input motions. However, all results were consistent in indicating that 617 

surface ejecta would be expected to preferentially develop to the NE side, even if liquefaction triggering 618 

occurred at depth on both the SW and NE sides. In contrast, the 1D LVI results provide no differentiation 619 

to support why surface ejecta was observed to the NE side but not to the SW side of the site, and generally 620 

over-predict the severity of liquefaction manifestations given current empirical thresholds. The advantages 621 

of the NDAs relative to the 1D LVIs for this case study are primarily the explicit modeling of dynamic 622 

response and 2D pore pressure diffusion and ground distortion patterns. Cubrinovski et al. (2018) 623 

demonstrated the importance of accurately accounting for the dynamic system response using 1D NDAs 624 

for representative idealized soil profiles, and concluded that the cross-interaction of dynamic effects can be 625 

critical for an accurate evaluation of liquefaction effects at sites with various sedimentary structures. The 626 

present analyses further enforce those observations. Different facets of an input motion (e.g., near-fault 627 

directivity effects, frequency content) may also govern the system response, and these may not be captured 628 

by an LVI’s consideration of PGA and a magnitude scaling factor alone. Accounting for 2D diffusion and 629 

ground distortions was essential to modeling and understanding the spatial distribution of surface 630 

expressions of liquefaction. The presence of laterally discontinuous lower-permeability layers can influence 631 

the patterns of pore pressure diffusion and consequently alter the distribution of surface manifestations 632 

(e.g., sand boils) relative to the actual locations of liquefaction triggering in the subsurface. Case studies 633 
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performed with 1D LVIs may instead misinterpret liquefaction effects by directly correlating analyses at a 634 

single soil column with manifestations directly above it. 635 

The NDA analyses presented in this study show that the system level response was sensitive to modest 636 

variations in the properties assigned to the different strata for the input motions considered. Property 637 

variations due to different uniform percentile choices (i.e., 33rd and 50th) and alternate CPT processing 638 

methods (i.e., measured and inverse filtered) result in significantly different responses due to the relative 639 

interaction between layers and the time-dependent distribution of stresses throughout the system. These 640 

property sets cover a reasonable range of conceivable model parameterizations, thereby indirectly 641 

encompassing cases that could have been derived from other uncertainties in the site characterization and 642 

liquefaction analysis procedures (e.g., undrained strength corrections for clays; overburden stress 643 

corrections; liquefaction triggering correlations; fines content corrections).  644 

Predicting the occurrence of surface ejecta from NDA results is currently subjective, given the complex 645 

mechanics of ejecta pathway formation and soil erosion are not well understood nor accounted for in these 646 

types of continuum models. Accordingly, the computed QVOL/A should be interpreted as illustrating the 647 

relative magnitudes and patterns among analyses with similar assumptions, and should not be taken as an 648 

accurate predictor of outflows. Hutabarat and Bray (2021) proposed an index for evaluating surface ejecta 649 

potential from results of 1D NDAs. The 2D analysis results presented herein suggest that the formation of 650 

ejecta pathways can be promoted in areas of differential ground strains, which may be associated with 651 

lateral variations in the stratigraphy, soil properties, and extent of liquefaction triggering, along with the 652 

influence of stratigraphic variations on pore pressure diffusion patterns.  653 

The potential influence that cyclic softening in strata of soft clays or silts can have on a site's dynamic 654 

response was illustrated by NDA cases where the continuous D1 clayey silt stratum was either assigned the 655 

lowest scenario strength or was subjected to the stronger initial velocity pulse from the GMS-H1 input 656 

motion for the Feb2011 event. For these cases, cyclic softening in the D1 stratum limited the cyclic stress 657 

ratios that developed in the other strata, which greatly reduced the extent of liquefaction triggering. These 658 
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results reinforce findings by others (e.g., Ghosh et al. 2005) that illustrate the need for adequate 659 

characterization of all strata to effectively model highly nonlinear dynamic responses.  660 

NDAs simulate more realistic behavior than LVIs, but nonetheless still have limitations. For instance, 661 

they are generally unable to directly simulate some of the physical mechanisms involved with pore pressure 662 

dissipation, including void redistribution and the generation of a water film beneath less permeable layers 663 

(e.g., Fiegel & Kutter 1994, Boulanger & Truman 1996), changes in permeability during liquefaction, 664 

cracking of crust soils due to ground distortions, sedimentation effects during post-liquefaction 665 

reconsolidation, and erosion and ground loss during sand boil formation. Such processes may contribute to 666 

loosening of sands immediately beneath less permeable layers, such as noted for liquefaction case history 667 

sites at Brawley Park in the 1979 Imperial Valley earthquake (Youd 1984) and at the Wildlife Array in the 668 

1987 Superstition Hills earthquake (Holzer et al. 1988), and consistent with the C2 silty sand stratum being 669 

looser than the other sand strata at Palinurus Road. Changes in density throughout a sand profile following 670 

any one liquefaction event are not expected to be large, but rather to accumulate through several earthquake 671 

events, as illustrated by centrifuge model tests with multiple shaking events by Darby et al. (2019). Local 672 

pressure gradients from natural permeability contrasts of crust soils may contribute to the precise position 673 

and behavior (e.g., jetting, welling up) of sand boils (Housner 1958). Also, the modeled stratigraphy is a 674 

simplification dependent on available site data, and may not adequately capture the spatial variability of 675 

soil parameters and layer extents. As with LVIs, NDAs are subject to uncertainty from the input parameters, 676 

and good practice requires sensitivity analyses to represent a range of expected behavior. The PM4Sand 677 

and PM4Silt constitutive models were chosen for their ability to model the cyclic stress-strain behavior of 678 

sand-like and clay-like soils. Reasonably similar insights should be expected using other constitutive 679 

models with similar capabilities and calibrations (e.g., Montgomery and Abbaszadeh 2017). In spite of 680 

these limitations, the NDA results for Palinurus Road reasonably bound the observed liquefaction 681 

manifestations and sand boil patterns during these two earthquakes. 682 

CONCLUSION 683 
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This paper examined the seismic response of the Palinurus Road site for the Sep2010 and Feb2011 684 

earthquakes through a series of 2D NDAs with variations in soil properties, input ground motions, and 685 

modeling assumptions. The range of NDA results for each event were generally consistent with, or  686 

enveloped, the observed surface manifestations of liquefaction for both events, including the absence of 687 

visible liquefaction manifestations for the Sep2010 event and the development of extensive surface ejecta 688 

toward the NE side of the site for the Feb2011 event. Primary observations from these NDAs and 689 

companion LVI analyses are summarized as follows.  690 

• The laterally discontinuous lower-permeability C1 stratum on the SW side of the site (Figs. 3 and 5) 691 

caused pore pressure diffusion from any underlying liquefied zones to be controlled by horizontal 692 

seepage toward the NE where it can more easily escape to the ground surface. This caused ground water 693 

fluxes at the ground surface to be greatly increased (e.g., QVOL/A > 20 cm) in the area north of the end 694 

of the C1 stratum and greatly reduced (e.g., < 1 cm) in the SW area above the C1 stratum for the Feb2011 695 

event. These differences in ground water fluxes are consistent with the observed distribution of surface 696 

ejecta, and indicate that the absence of surface ejecta on the SW side should not suggest that liquefaction 697 

was not triggered at depth in these areas.  698 

• Reasonable variations in the soil parameters altered the timing and location of the onset and progression 699 

of liquefaction and/or cyclic softening, ultimately influencing the dynamic response. For example, the 700 

use of inverse filtered CPT data (to correct for thin layer and transition zone effects) affected responses 701 

by reducing estimated strengths for clay-like layers and increasing estimated strengths for sand-like 702 

layers. This typically promoted early yielding of the continuous D1 clayey silt stratum, which limited 703 

the extent of liquefaction triggering throughout the soil profile. 704 

• The input ground motions developed by two different approaches had significant effects on the dynamic 705 

responses and extent of liquefaction triggering. This was primarily due to variations in the frequency 706 

content, duration, and consideration of near fault effects (e.g., velocity pulse). However, this did not 707 

affect the observation that lower-permeability stratum C1 had a critical effect on pore pressure diffusion 708 

patterns and post-earthquake distributions of surface ejecta. 709 
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• Lateral variations in the profile from SW to NE were sufficient to cause dissimilar dynamic responses, 710 

leading to a zone of greater horizontal extensional/compressive strains and distortion during shaking, 711 

which would increase the potential for ground cracking and ultimately sand boil formation in that area. 712 

• 1D LVIs  were limited in their ability to predict or explain the observed field responses at this site. 713 

Instead, explicit consideration of the dynamic response and 2D pore water diffusion patterns was 714 

important for differentiating between the performance of the SW and NE sides of the site in terms of 715 

the observed post-earthquake sand boil patterns. 716 

This case history illustrates the advantages of NDA methods, relative to simplified 1D LVI methods, 717 

wherein the explicit modeling of dynamic response and pore pressure diffusion were essential for 718 

approximating the observed responses. These results reinforce findings from other case history studies, 719 

including several from the CES (e.g., Cubrinovski et al. 2018), but are also unique in illustrating how 720 

surface patterns of ejecta may be shifted relative to the subsurface distribution of liquefied soils by the 721 

influence of laterally discontinuous lower-permeability interlayers on the pore pressure diffusion patterns.  722 
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Tables and Figures 
 
Table 1. Summary of significant CES events at Palinurus Road. 

Event Mw Rrup (km) Site PGA 
(g)a 

Land damage observation categoryb 
SW Side NE Side 

4 September 2010 7.1 20 0.24 None to minor None to minor 
22 February 2011 6.2 1 0.54 None to minor Minor to moderate 

13 June 2011 
(2 events, 80 min. apart) 5.3 & 6.0 1.5 0.29 & 0.42 None to minor Minor to moderatec 

23 December 2011 
(2 events, 80 min. apart) 5.8 & 5.9 5.5 0.22 & 0.28 None to minor None to minorc 

a PGA from Bradley & Hughes (2012a, 2012b) contours for all events except 22 February 2011, for which a 20% 
reduction was applied to remove the influence of nearby recorded dilation spikes. 
b Based on categories presented by Tonkin & Taylor (2015). 
c The noted category represents the authors’ interpretation of only the ejecta produced by events of that day. 
 
 
Table 2. LVI results summary at Palinurus Road during the Feb2011 and Sep2010 events. 

Event CPT 
Processing 

Value SW Side (9 CPTs) NE side (3 CPTs) 

LSN SV-1D 
(cm) CLT (m) LSN SV-1D 

(cm) CLT (m) 

Sep2010  
 

Measured Range 15 - 25 7 - 12 2.7 – 6.1 16- 24 8 - 10 4.7 – 5.2 
Mean 20 9 4.6 19 9 5.0 

Categorya Moderate  Moderate  
Inverse 
Filtered 

Range 11 - 18 5 - 8 2.3 – 3.7 10 - 16 4 - 6 2.3 – 3.4 
Mean 14 7 2.9 13 6 3.0 

Categorya None to Marginal  None to Marginal  
Feb2011 

 
Measured Range 34 - 47 16 - 24 9.3 – 13.9 34 - 40 17 - 19 10.1 – 10.9 

Mean 39 18 10.4 36 18 10.3 
Categorya Severe  Severe  

Inverse 
Filtered 

Range 20 - 35 10 - 17 5.5 – 9.4 24 – 31 11 – 14 6.5 – 7.9 
Mean 26 13 7.0 26 12 7.2 

Categorya Severe  Severe  
a Predicted damage category based on LSN thresholds presented by McLaughlin (2017). 
 
 
Table 3. Soil properties and constitutive models assumed for NDA models.  

Stratum Dry Density 
(kN/m3) Porosity kV (m/s)a 

Anisotropic 
Model 
kH/kV

b 
Soil Model 

A 14.7 0.44 1E-05c 2 PM4Sand 
B1/B2 14.7 0.44 1E-04 2 PM4Sand 

C1 14.7 0.44 1E-09 5 PM4Silt 
C2 14.7 0.44 1E-05 5 PM4Sand 
D1 14.7 0.44 1E-09 5 PM4Silt 
D2 14.7 0.44 1E-06 5 PM4Sand 
E 17.9 0.46 1E-02 1 Elastic 

a kV, estimated from Ic per Robertson (2010). 
b kH/kV for the anisotropic model. Other models assume isotropic permeability for all strata. 
c At stratum A, kV of 1E-05 m/s is assumed during shaking for all models. After shaking, kV is increased to 1E-04 
m/s. 
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Table 4. Dynamic soil properties assumed for PM4Sand strata. 
PM4Sand 

Strata 
VS

 

(m/s) 
Go 
(-) 

33Meas 50Meas 33IF 50IF 
DR qc1Ncs hpo DR qc1Ncs hpo DR qc1Ncs hpo DR qc1Ncs hpo 

A 115 651 0.53 96 0.32 0.58 106 0.28 0.60 111 0.28 0.65 125 0.30 
B1 175 983 0.62 118 0.21 0.66 129 0.23 0.67 132 0.26 0.72 146 0.43 
B2 200 839 0.63 119 0.25 0.65 126 0.26 0.71 142 0.42 0.73 149 0.61 
C2 165 666 0.54 98 0.30 0.57 105 0.29 0.58 107 0.28 0.62 118 0.28 
D2 200 656 0.61 114 0.27 0.64 123 0.29 0.63 120 0.29 0.69 138 0.40 

 
 
 
Table 5. Dynamic soil properties assumed for PM4Silt strata. 

PM4Silt 
Strata 

VS
 

(m/s) 
Go  
(-) 

33Meas 50Meas 33IF 50IF 
su,eq,cs/ 

σ'vc 
hpo 

su,eq,cs/ 
σ'vc 

hpo 
su,eq,cs/ 

σ'vc 
hpo 

su,eq,cs/ 
σ'vc 

hpo 

C1 165 865 0.74 120 0.95 200 0.54 60 0.80 170 
D1 175 498 0.37 40 0.44 60 0.24 10 0.36 30 

 
 
 

Table 6. NDA results for Feb2011 event. 

GM 
source Comp. Soil 

param. 

D1 
max γ 
(%) 

CLT (m)a Δy (cm)b Max 
QVOL/A 

(cm) 

Post-EQ 
reconsol. 

time 
(min)c 

SW NE SW NE 

GMS H1 33Meas  19.1 7.5 9.5 3.5 6.3 20.2 397 
GMS H1 50Meas 12.4 8.5 6 3.4 5.6 21.2 415 
GMS H1 33IF 64.6 1 0 1.0 0.2 5.2 253 
GMS H1 50IF 23.3 1 0 1.0 0.2 5.1 233 

RHSC* H1 33Meas 1.8 6 17 3.7 9.7 21.3 388 
RHSC* H1 50Meas 2.2 5 10.5 2.8 4.5 14.3 323 
RHSC* H1 33IF 14.6 1.5 0 1.4 0.4 7.7 283 
RHSC* H1 50IF 7.4 2 1.5 1.3 1.1 7.0 230 
RHSC* H2 33Meas 0.5 4.5 8.5 2.9 4.3 15.1 345 
GMS H2 33Meas 1.4 5 7 2.7 4.5 15.6 337 
GMS H1-Rev 33Meas 18.6 8 9 3.5 6.0 20.3 393 
GMS H1 & V 33Meas 19.8 7.5 8 3.4 5.5 18.5 308 

Note: All measurements at the SW and NE sides are respectively taken at columns along x = 19.5 and 89.5 m. 
a CLT accumulates 0.5 m thick elements exhibiting a maximum ru ≥ 95% during shaking. 
b Post-earthquake reconsolidation monitored until ≥ 80% consolidation as defined in Fig. 12. 
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Table 7. NDA results for Sep2010 event. 

GM 
source Comp. Soil 

param. 

D1 
max γ 
(%) 

CLT (m)a Δy (cm)b Max 
QVOL/A 

(cm) 

Post-EQ 
reconsol. 

time 
(min)c 

SW NE SW NE 

RHSC* H1 33Meas 0.2 0 0 0.1 0.1 0.8 63 
RHSC* H1 50Meas 0.2 0 0 0.1 0.1 0.7 65 
RHSC* H1 33IF 0.2 0 0 0.1 0.1 0.7 68 
RHSC* H1 50IF 0.2 0 0 0.1 0.1 0.6 68 
RHSC* H2 33Meas 0.2 0.5 0 0.6 0.2 2.7 135 
GMS H1 33Meas 0.9 7 14 3.5 7.3 21.9 475 
GMS H2 33Meas 0.3 1.5 4.5 1.6 2.4 10.4 328 

Note: All measurements at the SW and NE sides are respectively taken at columns along x = 19.5 and 89.5 m. 
a CLT accumulates 0.5 m thick elements exhibiting a maximum ru ≥ 95% during shaking. 
b Post-earthquake reconsolidation monitored until ≥ 80% consolidation as defined in Fig. 12. 
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Fig. 1. Fault map depicting significant CES events affecting the Palinurus Road site [base imagery from 
Stamen Design (2020); made with QGIS]. 
 
 

 
Fig. 2. Palinurus Road site plan with background image taken after the Christchurch earthquake on 24 
February 2011 [base imagery from New Zealand Mapping Ltd. (2014); made with QGIS]. 
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Fig. 3. Palinurus Road interpreted SW-NE subsurface profile section with measured and inverse filtered 
CPT data. 
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Fig. 4. Central 100-m long segment of the FLAC mesh used for Palinurus Road NDAs. 
 
 
 

 
Fig. 5. Cumulative distributions of the measured and inverse filtered normalized clean sand corrected tip 
resistance (qc1Ncs) from all CPTs at the site, for all NDA strata modeled as PM4Sand. 
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Fig. 6. Cumulative distributions of the measured and inverse filtered the undrained shear strength ratio 
(su/σ’vc) from all CPTs at the site, for all NDA strata modeled as PM4Silt. 
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Fig. 7. Minimum CSR to reach 3% single-amplitude shear strain in a given number (N) of stress cycles 
for four parametric cases: (a) using PM4Sand for stratum B2, and (b) using PM4Silt for stratum D1. 
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Fig. 8. Acceleration response spectra and time histories of input ground motions considered for NDAs. 
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Fig. 9. Time histories from the 33Meas model with the Feb2011 GMS-H1 motion. 
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Fig. 10. Contour plots for the 33Meas model with the Feb2011 GMS-H1 motion: (a) maximum excess 
pore pressure ratio, and (b) maximum shear strain. 
 
 

 
Fig. 11. Isochrones of the total outflow volume per unit area (QVOL/A) and vertical displacement relative 
to stratum D1 (Δy) as measured at the phreatic surface for the 33Meas model with the Feb2011 GMS-H1 
motion. 
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Fig. 12. Time histories of post-earthquake ground surface vertical displacement relative to stratum D1 
(Δy) for the 33Meas model with the Feb 2011 GMS-H1 motion. 
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Fig. 13. Time histories from the 33IF model with the Feb2011 GMS-H1 motion. 
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Fig. 14. Contour plots for the 33IF model with the Feb2011 GMS-H1 motion: (a) maximum excess pore 
pressure ratio, and (b) maximum shear strain. 
 
 
 

 
Fig. 15. Isochrones of the total outflow volume per unit area (QVOL/A) and vertical displacement relative 
to stratum D1 (Δy) as measured at the phreatic surface for the 33IF model with the Feb2011 GMS-H1 
motion. 
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Fig. 16. Time histories from the 33Meas model with the Feb2011 RHSC*-H1 motion. 
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Fig. 17. Contour plots for the 33Meas model with the Feb2011 RHSC*-H1 motion: (a) maximum excess 
pore pressure ratio, and (b) maximum shear strain. 
 
 

 
Fig. 18. Isochrones of the total outflow volume per unit area (QVOL/A) and vertical displacement relative 
to stratum D1 (Δy) as measured at the phreatic surface for the 33Meas model with the Feb2011 RHSC*-
H1 motion. 
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Fig. 19. Comparison of acceleration response spectra and time histories of base input and surface ground 
motions from the 33Meas model with the GMS-H1 and RHSC*-H1 motions for the Feb2011 event. 
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a)  
 

b) 
 
Fig. 20. Contour plots of maximum horizontal extensional and compressive strains for the (a) 33Meas, 
Feb2011 GMS-H1 (baseline), and (b) 33Meas, Feb2011 RHSC*-H1 NDA models. 
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Fig. 21. Total outflow volume per unit area (QVOL/A) and vertical displacement relative to stratum D1 
(Δy) as measured at the phreatic surface, for different NDA model assumptions related to pore pressure 
diffusion. 
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