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Abstract: Characterizing gravelly soil using in situ penetration testing procedures is a significant challenge for geotechnical engineers. The
interaction between the penetrometer and large gravel particles can obscure the penetration resistance of the soil matrix, which is the target of the
investigation, and lead to significant uncertainty regarding the properties of the soil. Hence, the size of the probe relative to the maximum particle
size of the soil matrix is an important factor to consider when performing interpreting and penetration tests. In this respect, the standard pen-
etration test (SPT) and cone penetration test (CPT) can have potential issues in measuring the penetration resistance in certain cases depending on
the size and percentage of gravel particles. Recently, the Chinese dynamic cone penetration test (DPT) consisting of a larger-diameter probe with
higher hammer energy has been used to develop probabilistic liquefaction triggering curves for gravelly soil. In the present study, an instructive
comparison is presented between the performance of the DPT and CPT in evaluating the liquefaction potential of gravelly soils based on in situ
testing at the port of Wellington in New Zealand. Gravelly reclamation fill at the port liquefied during the 2016Mw7.8 Kaikōura earthquake, but
only limited parts of the same fill deposits manifested liquefaction during theMw6.6 Cook Strait and Lake Grassmere earthquakes that occurred
in 2013. Triggering analyses have been performed using both DPT- and CPT-based triggering procedures to estimate the potential for liquefaction
in these gravelly deposits for these three earthquake events. The CPT-based cyclic resistance ratio (CRR) profiles showed several intermittent
spikes with depth due to the interaction of the small-diameter cone with large gravel particles. However, the lower range of values excluding the
spikes in the CPT-based CRR profiles primarily governed the liquefaction potential of the reclamation fill, and they are in good agreement with
the DPT-based CRR profiles. Both the CPT and DPT-based triggering analyses successfully estimated liquefaction manifestation during the
Kaikōura event, some liquefaction manifestation during the Cook Strait event and very limited manifestation during the Lake Grassmere event,
which is largely consistent with observations. DOI: 10.1061/JGGEFK.GTENG-10769. © 2023 American Society of Civil Engineers.

Practical Applications: This case history clearly shows that sandy gravel can liquefy. In this case, the sand content was high enough (>30%)
to fill the pore space and reduce the permeability so that it could liquefy. For sandy gravel at Centerport, NewZealand, withD50 (50% finer particle
size) between 3 and 10mm, the ratio ofD50 to penetrometer diameter (Dp) would occasionally exceed 33% to 50% for the CPT, and some artificial
increase in penetration resistance would be expected. In contrast, the D50 to Dp ratio for the DPTwould not exceed 15%, and gravel particles
would not affect the DPT blow count. This assessment is borne out in the comparison between the CRR from the CPTand DPT. For example, the
CRRs from the DPTwere relatively constant in the sandy gravel, whereas the CRRs from the CPT showed several spikes with depth, but were
otherwise consistent with those from the DPT. In some cases, the CPT cannot penetrate layers with larger or denser gravel particles. The DPT
cannot identify nonliquefiable cohesive layers; therefore, samples from a companion borehole are needed to identify them. The good agreement
between the CRRs from the CPT and DPT for three earthquakes confirmed the reliability of these two independently developed methods.

Author keywords: Cone penetration test (CPT); Dynamic cone penetration test (DPT); Gravelly soil; Liquefaction; Reclaimed land.

Introduction

Over the last 128 years, gravels have liquefied at multiples sites in
at least 25 different earthquakes (Rollins et al. 2021). Gravel lique-
faction has also caused significant damage to ports in Greece
(Athanasopoulos-Zekkos et al. 2019), Chile (Morales et al. 2020),
Ecuador (Lopez et al. 2018), Kobe Port Island in Japan (Japanese
Geotechnical Society 1996), and Centerport in Wellington, New
Zealand (Cubrinovski et al. 2017). Many ports are constructed
using gravelly soils or rockfill, which was once believed to be im-
mune to liquefaction (Seed et al. 1976), but recent case histories
clearly indicate that this is not the case. For these port facilities,
assessing the potential for liquefaction and performing appropriate
mitigation techniques are often multi-million-dollar issues. Ports
are essential to economic activity and are critical lifelines that need
to function after an earthquake event. Therefore, appropriate as-
sessment of liquefaction potential in gravelly soils in port facilities
is a critical issue.

1Research Assistant, Dept. of Civil and Environment Engineering,
Brigham Young Univ., 430 Engineering Bldg., Provo, UT 84602 (corre-
sponding author). ORCID: https://orcid.org/0000-0003-0854-3790. Email:
jashod.roy@gmail.com

2Professor, Dept. of Civil and Environment Engineering, Brigham
Young Univ., 430 Engineering Bldg., Provo, UT 84602. ORCID:
https://orcid.org/0000-0002-8977-6619. Email: rollinsk@byu.edu

3Research Assistant, Dept. of Civil and Natural Resources Engineering,
Univ. of Canterbury, Private Bag 4800, Christchurch 8140, New Zealand.
ORCID: https://orcid.org/0000-0001-8823-7130. Email: ribu.dhakal@pg
.canterbury.ac.nz

4Professor, Dept. of Civil and Natural Resources Engineering, Univ.
of Canterbury, Private Bag 4800, Christchurch 8140, New Zealand.
ORCID: https://orcid.org/0000-0002-2843-8309. Email: misko.cubrinovski@
canterbury.ac.nz

Note. This manuscript was submitted on February 1, 2022; approved on
July 3, 2023; published online on August 31, 2023. Discussion period open
until January 31, 2024; separate discussions must be submitted for indivi-
dual papers. This paper is part of the Journal of Geotechnical and Geoen-
vironmental Engineering, © ASCE, ISSN 1090-0241.

© ASCE 05023006-1 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2023, 149(11): 05023006 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

B
rig

ha
m

 Y
ou

ng
 U

ni
ve

rs
ity

 o
n 

09
/1

1/
23

. C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.

https://doi.org/10.1061/JGGEFK.GTENG-10769
https://orcid.org/0000-0003-0854-3790
mailto:jashod.roy@gmail.com
https://orcid.org/0000-0002-8977-6619
mailto:rollinsk@byu.edu
https://orcid.org/0000-0001-8823-7130
mailto:ribu.dhakal@pg.canterbury.ac.nz
mailto:ribu.dhakal@pg.canterbury.ac.nz
https://orcid.org/0000-0002-2843-8309
mailto:misko.cubrinovski@canterbury.ac.nz
mailto:misko.cubrinovski@canterbury.ac.nz
http://crossmark.crossref.org/dialog/?doi=10.1061%2FJGGEFK.GTENG-10769&domain=pdf&date_stamp=2023-08-31


Liquefaction potential in sands and silty sands is typically
evaluated using in situ tests such as the standard penetration test
(SPT) or the cone penetration test (CPT). However, these widely
used methods can become less reliable for gravelly soils, e.g., re-
claimed fills that often contain inhomogeneous soils with gravel
or clean gravel layers (Tokimatsu 1988), due to interference of the
penetration probe with large-size gravel particles. Iqbal et al.
(2004) reported that the CPT is likely to reach refusal when
the D50 size is greater than the size of the penetrometer and that
interference effects start to increase the cone resistance (qc) when
D50 is about one-third the size of the penetrometer. However, the
SPT and CPT may be able to correctly evaluate the liquefaction
potential of loose gravelly strata with low penetration resistance
(Andrus 1994; Kokusho and Yoshida 1997; Rhinehart et al. 2016;
Dhakal et al. 2020a).

In addition, the CPT may be successful in evaluating gravelly
deposits that are composed of gravel-sand-silt mixtures where the
finer fractions (silt and sand) significantly influence the behavior of
the entire soil strata (Cubrinovski et al. 2018; Dhakal et al. 2020b).
Nevertheless, in medium-dense to dense layers consisting of large-
size particles, the cone may not successfully penetrate, making it
necessary to drill through the layer to continue advancing the cone
through the remainder of the depth. Sometimes, as the penetration
resistance at a site increases, it becomes increasingly difficult to
determine if the increased resistance is because of the increased
density of the soil strata or because of interference with large par-
ticles. Due to the influence of large particles, penetration resistance
may even reach refusal in some cases when the soil is not particu-
larly dense (Cao et al. 2013; Rollins et al. 2020). These phenomena
produce uncertainty regarding the liquefaction evaluation of grav-
elly sites using these standard testing methods.

With a diameter of 168 mm, the Becker penetration test (BPT)
provides an alternative testing method with a much larger diameter
to particle size ratio, which is a desirable attribute for minimizing
gravel size effects on penetration resistance. Unfortunately, there
are presently no direct correlations between BPT blow count and
liquefaction resistance. Therefore, the BPT blow count must be
correlated with the SPT blow count based on correlations in sands
(Sy and Campanella 1994; Harder 1997; DeJong et al. 2017;
Chowdhury et al. 2021) to assess liquefaction resistance. This indi-
rect liquefaction correlation adds uncertainty to the process of
assessing liquefaction potential. Furthermore, the BPT is simply
not available in most of the world, as is the case in New Zealand.

The dynamic cone penetration test (DPT), developed in China to
measure the penetration resistance of gravels, provides another
alternative approach for assessing liquefaction in gravels. The
DPT employs a relatively simple penetrometer consisting of a
74-mm-diameter cone tip driven by a 120-kg hammer with a free-
fall height of 100 cm using a 60-mm drill rod that reduces skin
friction on the rods. At 74 mm, the DPT diameter is 50% larger
than the SPT and 110% larger than a standard 10-cm2 CPT, which
makes the equipment more effective in penetrating medium to
coarse gravels to produce meaningful evaluations of soil resistance.

One major advantage of the DPT over the BPT is that the DPT
equipment can be easily fabricated and made available at any lo-
cation around the world. However, the 60-mm rod and 74-mm cone
tip leave a 7-mm gap that can be subject to skin friction due to loose
soil collapsing during the DPT penetration below the water table.
This frictional resistance, although relatively small compared
with a straight-sided probe, adds to the overall DPT resistance be-
cause there is no systematic method to account for the skin friction
exclusively. Also, unlike the CPT, the DPT does not provide
correlations to identify soil behavior type. Therefore, a separate

borehole is required to identify soil stratigraphy and define grada-
tion properties.

Cao et al. (2013) directly correlated the DPT resistance with
the liquefaction potential of gravelly soil based on 47 liquefaction
case histories from the Chengdu Plain in China during the Mw7.9
Wenchuan earthquake in 2008. Cao et al. (2013) also reported that
the DPT can often penetrate cobbly gravels, eliminating the need to
drill through them, although the penetration resistance may still be
artificially increased. More recently, Rollins et al. (2021) developed
DPT-based triggering curves based on an expanded data set con-
sisting of 137 liquefaction case histories from seven different coun-
tries during 10 different earthquakes in a variety of depositional
environments. These probabilistic DPT-based liquefaction trigger-
ing curves are shown in Fig. 1, where liquefaction case histories are
indicated by solid circles and no liquefaction manifestation case
histories are shown by open circles.

The liquefaction case histories at Centerport in Wellington,
New Zealand, provide an important opportunity for comparing
the performance of the DPT and the conventional CPT for predict-
ing the liquefaction behavior of gravelly soil. Centerport has been
subjected to three significant seismic events recently, namely the
Mw7.8 Kaikōura earthquake of 2016, along with the Mw6.6 Cook
Strait and the Mw6.6 Lake Grassmere earthquakes, both in 2013.
Out of these, the Kaikōura event produced widespread liquefaction
of the reclaimed land, causing significant damage to existing
structures along with lateral spreading and seismic settlement
(Cubrinovski et al. 2017). In contrast, the Cook Strait and Lake
Grassmere events did not produce significant liquefaction or any
severe damage except for the occurrence of minor ground cracking
and differential ground movement in isolated locations and partial
collapse and movement of the ground toward the sea at the south
end of the port (Dhakal et al. 2020b).

To characterize the liquefaction potential of the gravelly soil
deposits at the reclaimed land, comprehensive site exploration
programs were carried out by conducting 92 CPTs in reclaimed
gravelly soil, the majority of which were performed in locations
of severe liquefaction damage with significant volumes of sand and
gravel ejecta observed (Cubrinovski et al. 2017; 2018; Dhakal et al.
2020a). Based on these CPT tests and adjacent boreholes, subsur-
face soil profiles were developed and liquefaction resistance in
the gravelly soil deposits was evaluated (Dhakal et al. 2020a)
for these three seismic events using an existing CPT-based trigger-
ing procedure (Boulanger and Idriss 2014). Dhakal et al. (2020b)
illustrated the applicability of existing CPT-based procedures de-
veloped primarily for sands for the Centerport gravelly fill.

In this study, DPT tests were performed at several locations ad-
jacent to CPTs performed by Dhakal et al. (2020b) to characterize
the liquefaction potential of gravelly soils using the newly devel-
oped liquefaction triggering procedure based on DPT testing
(Rollins et al. 2021). As a part of this study, some of the results
obtained from the two different methods (DPT and CPT) for the
same locations at the reclamation site have been thoroughly exam-
ined to draw a clear comparison between the performance of the
CPT and DPT in evaluating the liquefaction potential of the grav-
elly soil. In this context, the characteristics of the reclamation site,
details of the earthquake events, and the observed features of lique-
faction manifestation are briefly described to provide relevant back-
ground. Finally, the results of the site exploration program and
corresponding liquefaction resistance analysis are discussed in de-
tail, followed by an instructive comparison between the perfor-
mance of DPT and CPT in assessing the liquefaction potential
of gravelly soil.
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Site Description

Centerport is situated near central Wellington in New Zealand. The
port was developed by three different phases of land reclamation
over the last 170 years after European settlement in the 1850s
(Semmens et al. 2010). The latest reclamation work performed dur-
ing 1965–1976 is known as the Thorndon reclamation, which has
been investigated in the present study. An aerial view of different
parts of the reclaimed lands along with the construction periods and
the buried seawall are shown in Fig. 2 (Dhakal et al. 2020a).

The Thorndon reclamation was primarily constructed by
end-dumping of gravelly soils transported from quarries in the
Wellington region. The fill material at the Thorndon reclamation
is primarily composed of gravelly soil (>50% gravel size particles)
mixed with sand and silt fractions (>30%). The gravelly soils at the
southern side of the seawall are approximately 40 years old,
whereas the similar end-tipped gravelly reclamation north of old
seawall is about 100 years old.

The subsurface profile at the Thorndon reclamation consists of a
2–3-m-thick compacted earth fill layer from the ground surface.
The groundwater table generally fluctuates within 1 m below
the base of the compacted fill. This earth fill was compacted to
support the asphalt pavement and a base course layer, which
was necessary for port operations. Below the compacted fill, the
end-dumped sandy gravel deposit is uncompacted and extends
to a depth of approximately 10 to 22 m. Along the edge of the slope
near the coastline, this uncompacted reclamation fill was covered
by a rock fill layer to provide coastal protection. Underlying the
reclamation fill is a thin Holocene beach layer and marine sedi-
ments comprised of interbedded sand, clay, silty clay, and soft

to very stiff clay having a thickness of 1 to 4 m. This layer is
in turn underlain by 100-m-thick weathered Pleistocene sediments
(Wellington Alluvium) consisting of interbedded dense gravel and
stiff to very stiff silt. Underlying this alluvium, there is Greywacke
sandstone/siltstone bedrock estimated to begin at a depth of 100 to
150 m. The upper 25 m of the subsurface soil profile at the Thorn-
don reclamation is shown schematically in Fig. 3 (Dhakal et al.
2020a).

Prior to the earthquake events, extensive SPT samplings were
performed (27 boreholes in about 12 locations) at Centerport
(Tonkin & Taylor 2006, 2012, 2014) to investigate the subsurface
soil profiles. After the Kaikōura earthquake, more samples were
collected from the ejecta and SPT boreholes. The range of grain-
size distribution curves for the reclamation fill and marine deposits
obtained from the SPT investigations are shown in Fig. 4
(Cubrinovski et al. 2017). Some of the previous SPT boreholes lo-
cated near the CPT and DPT holes of the present study are shown
in Fig. 5.

The gradation curves corresponding to these boreholes are also
plotted in Fig. 4. All these gradation curves delineate that the sub-
surface deposit is composed of gravelly soil with 45% to 70%
gravel (4.75-mm criterion), 15% to 40% sand, and fines content
of less than 15%. In the fill material, the fines fraction mainly con-
tained nonplastic silt material. In contrast, samples from marine
deposits were found to be predominantly sandy soil with fines con-
tent ranging between 15% and 35%, where the fines content has
both silt and clay fractions. The median grain size (D50) of the grav-
elly fill was observed to be between 3 and 10 mm, whereas it was
about 0.2–0.3 mm for the marine deposits. Besides the gradation
curves, an average distribution of gravel content versus depth has

Fig. 1. DPT-based liquefaction triggering curves for gravelly soil. (Data from Rollins et al. 2021.)
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also been plotted in Fig. 4 based on the SPT sampling data collected
from the entire port area. Overall, the gravelly fill material was
found to be relatively consistent throughout the entire reclamation
area without any significant variation in the gravel content shown in
Fig. 4. More detailed descriptions and characterization of the soil
deposits at the Centerport have been given by Cubrinovski et al.
(2017) and Dhakal et al. (2020b).

Brief History of the Seismic Events

The Mw7.8 Kaikōura earthquake occurred on November 14, 2016,
on the South Island of New Zealand. The source-to-site distance
RRUP (i.e., the closest distance between the causative faults and
Centerport) was approximately 60 km (Cubrinovski et al. 2018).
Ground motions were recorded at several strong motion stations
(SMS) in the vicinity of the port, which included a rock site, natural
soil deposits, shallow reclaimed sites, and deep reclaimed land sites
in an area of rapidly changing geometry and depth to bedrock. Two
SMS were installed in the reclaimed land at Centerport, namely
CPLB and PIPS. As shown in Fig. 2, CPLB was installed in the
gravelly fill near the Thorndon reclamation and PIPS was installed
on the hydraulically filled reclaimed area. According to these SMS
records, the Kaikōura event produced ground shaking with hori-
zontal geometric mean peak ground accelerations (PGAs) of
0.25g and 0.24g at CPLB and PIPS, respectively.

In 2013, the North and South Islands of New Zealand were hit
by a sequence of two significant seismic events, namely, Cook
Strait and Lake Grassmere. The Cook Strait event occurred on July
21, 2013, and the Lake Grassmere event took place on August 16,
2013. Both events were assigned moment magnitudes of 6.6
(Holden et al. 2013; Morris et al. 2013). The source-to-site distance
RRUP was 44 km for the Cook Strait event and 65 km for the Lake
Grassmere event (Tonkin & Taylor 2014). Based on the ground
motion recordings, the Cook Strait earthquake generated PGAs
of 0.22g at the CPLB station and the Lake Grassmere event pro-
duced PGAs of 0.15g and 0.11g at CPLB and PIPS, respectively.

The duration of these two events were substantially shorter than the
Kaikōura event (Cubrinovski et al. 2018), having a smaller number
of significant cycles. All the earthquake parameters for all three
events are briefly summarized in Table 1.

CPLB and PIPS were not located within the Thorndon reclama-
tion, and thus records were not directly obtained from the top of
the gravelly fill deposits that liquefied during the Kaikōura earth-
quake. However, the two SMS are located on reclaimed land sites
around 75 and 900 m from the buried seawall, respectively (Fig. 2).
Hence, the recorded ground motions (intensity, duration, and
PGAs) include the site amplification effects based on native and
reclaimed soil deposits of different thickness and basin-edge effects
involving various bedrock depth and geometry (Cubrinovski et al.
2018). The inclusion of local soil amplification effects by ground
response analysis generated similar ground motion characteristics
for Kaikōura and Lake Grassmere events as recorded from the SMS
(Bradley et al. 2017, 2018). These PGAs do not reflect any effect of
partial base isolation due to the occurrence of liquefaction at the
reclamation sites. Hence, the recorded results seem to be reliable
in representing the characteristics of the seismic events used in the
present study. The effects of PGA variation for CPT-based lique-
faction assessment within the port are not considered in this paper.

Port Performance during Earthquake Events

Following the Kaikōura event, a QuakeCore-geotechnical extreme
event reconnaissance (GEER) survey was conducted at Centerport
on November 17, 2016, when most of the liquefaction features still
existed on the ground surface at the reclamation site (Cubrinovski
et al. 2017). Based on the survey report, widespread liquefaction
was observed at the end-dumped reclamation fill in the form of soil
ejecta, lateral and vertical ground movements, and cracks and fis-
sures, especially along the interface zones of wharves and build-
ings. Fig. 5 schematically shows a map of liquefaction ejecta on
the pavement surface of the port at the Thorndon reclamation.
The ejected soils in this area predominantly consisted of gravelly

Fig. 2. Aerial view of Centerport showing reclamation zones, old-buried seawall, location of strong motion stations CPLB and PIPS, and transects of
cross-sections shown in Fig. 3. (Adapted from Dhakal et al. 2020a.)
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soils including some cobble size particles and some fraction of sand
and silt (Cubrinovski et al. 2017). A substantial amount of ejecta
was typically found near the joints and cracks in the pavement sur-
face, which allowed the liquefied soils to reach the ground surface.
Large vertical offsets were observed ranging from tens of centi-
meters to about 0.5 m among pile-supported wharves, buildings,
and the surrounding ground.

Besides the typical ground distress resulting from liquefaction,
a global deformation pattern was apparent due to the seaward
movement of the reclamation slopes in all unconfined directions,
with characteristic liquefaction-induced lateral spread cracks and
progressive damage of the ground. As per Dhakal et al. (2020a),
liquefaction-induced lateral spread produced lateral displacements
of 0.8–1 m near free-faces adjacent to the port and vertical ground
settlement of 30–60 cm across the Thorndon reclamation area.
Fig. 5 depicts the distribution of observed ejecta, location of
ground cracks, and vertical offsets produced at the Thorndon
reclamation. A more detailed description of the damage to the land

and structures due to the liquefaction that occurred during the
2016 Kaikōura earthquake has been given by Cubrinovski et al.
(2017, 2018).

The Cook Strait event in 2013 produced minor damage over
most of the port area except some localized severe damage and
partial collapse near the southern edge of the Thorndon reclama-
tion. Lateral displacement of approximately 250 mm along the
western edge and 100 mm along the southern edge of the re-
claimed land was reported after the Cook Strait event along
with some visible cracks and fissures on the surface (Dhakal
et al. 2020b; Van Dissen et al. 2013). The Cook Strait event
also produced sandy liquefaction ejecta at four locations, but
no significant trace of gravelly ejecta was found. On the other
hand, the Lake Grasmere event did not produce any direct sign
of liquefaction in terms of soil ejecta or any significant damage
due to lateral spreading or vertical settlement except relatively
negligible wharf damage and ground deformation (Tonkin &
Taylor 2014).

Fig. 3. Subsurface soil profile of Thorndon reclamation from the (a) West-East (W-E); and (b) South-North (S-N) cross-sectional view as char-
acterized by CPTs. (Adapted from Dhakal et al. 2020b.)
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In Situ Testing for Liquefaction Assessment at
Centerport

CPT Program

Previous geotechnical testing at Centerport included 121 CPTs to
characterize the soil in the reclaimed area of the port, which started
in 2017 (Cubrinovski et al. 2018; Dhakal et al. 2020a, b). The CPTs
were performed with 10- and 15-cm2 A. P. van den Berg I-cones
(Heerenveen, Netherlands). The cone soundings were performed
using a 218 Geomil Panther 100 rig (Geomil Equipment B. V,
Moordrecht, Netherlands) with a push force of 106 kN. Field op-
erations involved predrilling a hole to a depth of approximately 3 m
through the asphalt pavement and dense compacted gravelly fill
crust that could not be penetrated with the cone. To create the hole,
a plugged small-diameter casing with an extractable tip was
vibrated slightly beyond the depth at which the penetration rate de-
creased substantially. The casing had an inside diameter of 55 mm
and an outside diameter of 70 mm. This method of predrilling was
able to penetrate through the asphalt pavement and concrete (with
an open-ended barrel), produced little spoils, and provided lateral
support to the CPT rods.

If early refusal was encountered during any test at depths less
than approximately 10 m, the cone was pulled up and drilling was
performed with a CPT casing beyond the point of refusal until the
soil became looser, leaving a cased hole (Bray et al. 2014). Then,
the CPT rig was brought into position, pushed to the bottom of the
casing, and penetration was resumed to continue further downward.
However, the majority of the 75 CPTs in the Thorndon reclamation
reached the alluvium. Out of 75 CPTs, there were 17 cases (23%)
where refusal was encountered, and it was necessary to predrill to
allow further penetration of the CPT. This predrilling approach left
a section of the profile (typically a few tens of centimeters) for

which no data were collected. Despite the predrilling efforts, ap-
proximately four CPTs could typically be performed in a day,
or a little more than 50 m per day by using one CPT rig.

The CPT profiles provide the cone penetration resistance (qc)
and sleeve friction (fs) versus depth. Based on these qc and fs val-
ues, the soil behavior type (SBT) index (Ic) was obtained using the
following equations proposed by Robertson and Wride (1998):

Ic ¼ f½3.47 − logðQtnÞ�2 þ ½1.22þ logðFrÞ�2g0.5 ð1Þ

whereQ and F = normalized tip and sleeve friction ratios computed
using

Qtn ¼
�
qc − σvc

Pa

��
Pa

σ 0
v

�
n

ð2Þ

Fr ¼
�

fs
qc − σv

�
· 100% ð3Þ

TheQtn and Fr values within the gravelly fill materials at the six
CPTs have been plotted relative to the soil behavior type (SBTn)
charts in Fig. 6. When plotting these data, all the layers having
Ic > 2.6 have been eliminated because those layers can be consid-
ered as nonliquefiable. Even though these deposits contained be-
tween 45% and 70% gravel, the data points fall into the zones
for sands, sandy mixtures, and silt mixtures except for a few points
along the border between the sand and gravelly sand zone. Hence,
the SBT chart clearly indicates that the behavior of the fill material
is governed by the sand and silt fraction, although there is signifi-
cant amount of gravel content in the soil matrix as found by the
sieve analysis based on previously conducted SPT sampling.
Although the sandy gravel fill deposits were simply end-dumped
and uncompacted so that they would be expected to be normally

Fig. 4. (a) Particle-size distribution curves for reclamation fill (including SPT samples data) and marine deposits at Centerport (data from Dhakal et al.
2020b); and (b) variation of average gravel content along depth for the reclamation fill deposit based on SPT sampling.
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consolidated, a significant percentage of the data points were plot-
ted above the normally consolidated wedge as shown in Fig. 6.
Overconsolidation could be produced by loading and unloading
of cargo container stacks having applied pressures as high
as 40 kPa.

In addition, the raw CPT resistance (qc) was further corrected
for the overburden pressure (σ 0

v) to obtain qc1 profile by using the
Boulanger and Idriss (2014) procedure. It should be noted that qc1
is a function of equivalent clean sand resistance (qc1Ncs), which
depends on the fines content (FC) of the soil matrix (Boulanger
and Idriss 2014). The grain-size distribution of the end-dumped
gravelly soil and the ejected samples show a relatively narrow range
of fines contents between 5% and 20%. In the present study, a
representative FC value of 15% has been used to obtain the equiv-
alent clean sand penetration resistance (qc1Ncs), consistent with pre-
vious studies (Dhakal et al. 2020a, b). The effect of variations in the
definition of FC is not considered in this paper.

The CPT results including the profiles of cone penetration re-
sistance (qc1) and SBT index (Ic) are plotted in Figs. 7–12 along
with the respective soil profiles of each borehole obtained from the
nearby SPT sampling data. It shows that the average qc1 for the
gravelly reclamation fill based on the six investigated boreholes
varies between 8.2 and 9.7 MPa (qc varying between 5.75 and
8.14 MPa) indicating relatively low average tip resistance which
is more or less consistent with the variation of 25th and 75th per-
centile of qc between 6.5 and 8.0 MPa as reported by Dhakal et al.
(2020a) for all CPT soundings. The value of Ic of the reclamation

fill obtained from these boreholes varies between the range of 1.25–
3.98 (average Ic of 1.87–2.26) which is also close to the variation of
25th and 75th percentile of Ic between 2.1 and 2.2, reported by
Dhakal et al. (2020a) for all CPT soundings.

Relatively high values of Ic imply that the behavior of the grav-
elly reclamation fill, consisting of gravel-sand-silt mixtures, would
be primarily governed by the silt and sand content despite consist-
ing of 45% to 70% gravel. This fact is also indicated by the SBT
chart shown in Fig. 6. The CPT trace distinctly picks up the
changes in the main soil layers from gravelly deposits to silty sand
reclamation, marine sediment, and Wellington alluvium. The grav-
elly deposits are 10–14 m thick at Sites 023, 025, 040, and 044; at
the other locations (032 and 039), the gravelly deposits are 3–6 m

Fig. 5. Map showing the liquefaction ejecta of gravelly and sandy soils along with the manifestation of ground cracks and the damage to structures
that occurred during the 2016 Kaikōura earthquake and the 2013 Cook Strait and Lake Grassmere earthquakes. (Adapted from Dhakal et al. 2020a.)

Table 1. Summary of the earthquake events

Earthquake details RRUP (km) Mw PGA (g)

2013 Cook Strait 44 6.6 0.22
2013 Lake Grassmere 65 6.6 0.15
2016 Kaikōura 60 7.8 0.25

Fig. 6. Distribution of SBT index (Ic) for the reclamation fill deposit
for all six boreholes along with the Robertson SBT chart.
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thick and are underlain by shallow nonliquefiable soil (Ic > 2.6)
which may either be shallow marine sediments or layers of silty
fill (Dhakal et al. 2020b). Below the silty fill, there is a layer of
gravelly sand, which may be Wellington Alluvium or a 4-m-thick
layer of reclaimed fill (Dhakal et al. 2020b).

DPT Program

As a part of this study, DPT soundings were performed at six lo-
cations in the Thorndon reclamation (Locations 023, 025, 039, 040,
and 044) and older gravelly reclamations (Location 032) as shown
in Fig. 5. As Fig. 5 depicts, the DPT holes are typically located in or
near areas where liquefied gravelly soils were ejected during the
Kaikōura earthquake. Besides, these DPT holes are also adjacent
to the respective CPT holes (within 2–5 m), which were explored
by Dhakal et al. (2020a, b) as described in the previous section of
the CPT program. Although every DPT hole could not be located in
the middle of the observed gravelly ejecta due to some restrictions
of local port authority, it does not necessarily indicate that the grav-
elly soil matrix in those areas did not liquefy, or liquefaction oc-
curred only in sand layer. The manifestation of gravelly or sandy
ejecta depends on several factors, e.g., size of soil particles, crack
width, flow velocity, and so on.

Sometimes, relatively large particles may not come out on the
ground surface due to the self-weight or being obstructed by rel-
atively thin ground fissures (Cao et al. 2011, 2013). Furthermore,
most of the port is covered by concrete pavement slabs so that
ejecta typically only erupted from joints between panels or cracks.
Hence, a certain degree of variability in the ejected materials might
be there due to the variation in preferential flow paths at different
locations even if the whole soil strata liquefied.

The typical Chinese DPT (Cao et al. 2013) provides a nearly
continuous record of the blow count, N120, which represents the

number of hammer blows to drive the penetrometer through a
30-cm interval with a 120-kg hammer dropped from a height of
1 m. To provide increased resolution, raw blow counts are typically
reported at every 10 cm of penetration but are multiplied by three to
get the equivalent N120 for 30 cm of penetration. In this study, the
DPT tests were conducted using a drill rig having an SPT safety
hammer with a weight of 63.5 kg dropped from a height of 0.76 m.
The energy transferred to the drill rods by the SPT hammer was
measured using a pile driving analyzer (PDA). These measure-
ments indicated that the SPT hammer delivered an average of
83.5% of the theoretical SPT free-fall energy. Because the energy
delivered by the SPT hammer (EHammer) produced different energy
than that supplied by a standard Chinese DPT hammer (EChinese DPT)
(Cao et al. 2011), the measured blow counts were converted to the
equivalent Chinese energy standard blow counts (N120) by applying
the linear energy correction method of Seed et al. (1985) as given
by Eq. (4), which was also reported by Rollins et al. (2021)

N120 ¼ NHammer ðEHammer=EChinese DPTÞ ð4Þ

An average energy ratio was measured in the present study in-
stead of measuring actual energy at different depths of each bore-
hole. Hence, an average energy correction factor was applied to
correct measured blow counts along the depth for all the boreholes.
These energy corrected N120 has been further converted to N 0

120 by
applying the Cao et al. (2013) overburden correction procedure as
described by Rollins et al. (2021). These corrected N 0

120 profiles for
all the boreholes are plotted in Figs. 7–12 next to the plots of CPT
resistance (qc1 and Ic) for a direct comparison between the results
of DPT and CPT. The DPT penetration resistance (N 0

120) for all the
locations was consistently around or below 10 on average except at
Location 032, potentially due to the presence of silty fill and dense
gravelly sand reclamation strata as interpreted by the CPT.

Fig. 7. Profiles indicating (a) soil profile; (b) DPT blow count, N 0
120; (c) CPT cone resistance, qc1; (d) soil behavior type, Ic; (e) CRR and CSR from

DPT; and (f) CSR and CRR from CPT for Location 023. Nonliquefiable (NL) layers are shown by shaded rectangles in plot (f).
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Fig. 8. Profiles indicating (a) soil profile; (b) DPT blow count, N 0
120; (c) CPT cone resistance, qc1; (d) soil behavior type, Ic; (e) CRR and CSR from

DPT; and (f) CSR and CRR from CPT for Location 025. NL layers are shown by shaded rectangles in plot (f).

Fig. 9. Profiles indicating (a) soil profile; (b) DPT blow count, N 0
120; (c) CPT cone resistance, qc1; (d) soil behavior type, Ic; (e) CRR and CSR from

DPT; and (f) CSR and CRR from CPT for Location 032. NL layers are shown by shaded rectangles in plot (f).
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Fig. 11. Profiles indicating (a) soil profile; (b) DPT blow count, N 0
120; (c) CPT cone resistance, qc1; (d) soil behavior type, Ic; (e) CRR and CSR from

DPT; and (f) CSR and CRR from CPT for Location 040. NL layers are shown by shaded rectangles in plot (f).

Fig. 10. Profiles indicating (a) soil profile; (b) DPT blow count, N 0
120; (c) CPT cone resistance, qc1; (d) soil behavior type, Ic; (e) CRR and CSR from

DPT; and (f) CSR and CRR from CPT for Location 039. NL layers are shown by shaded rectangles in plot (f).
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Comparison between the Results of the CPT
and DPT

Comparing the N 0
120 and qc1 profiles side by side, it can be ob-

served that the N 0
120 profile is considerably smoother and more

uniform for most of the locations in contrast to the qc1 profile,
which has several intermittent spikes along its depth. Although
the CPT response (qc1 and Ic values) indicates that the behavior
of the reclamation fill is dominated mostly by the finer fractions,
a considerable amount of gravel particles (about 45% to 70%) still
remain in the soil matrix (Cubrinovski et al. 2017). Therefore,
it seems likely that these gravel particles might have had a more
significant effect on the small-diameter CPT cone resistance
compared with the larger diameter DPT cone. This phenomenon
would explain the high qc1 values at various depths along the grav-
elly deposit in the CPT profile that are not present in the DPT
profile.

In Figs. 6 and 7, there are two locations where there is an in-
terruption in the CPT qc1 profile. Gaps (drill-out zones) exist from
10.1 to 10.7 m for Location 023 and from 7.2 to 10 m in Location
025. These are locations where the CPT reached early refusal so it
was necessary to drill through the dense layer before resuming the
CPT sounding. The DPT was instead able to penetrate these layers
and provide a more complete profile.

The DPT is not able to identify the soil types as the CPT does
based on the SBT index (Ic). This is a significant advantage of the
CPT because it could obtain more detailed characterization of
heterogeneous soil deposits including small variations in Ic often
caused due to the presence of thin layers which could not be
captured by the DPT. A companion CPT or core hole would be
necessary to define nonliquefiable layers for DPT investigations.
However, considering the pros and cons of each side, both CPT
and DPT together performed reasonably well in obtaining continu-
ous profiles of penetration resistance and characterizing the soil
layers in detail at the Port of Wellington.

Liquefaction Evaluation Based on the CPT

Based on the qc1 profiles shown in Figs. 7–12, the cyclic resistance
ratio (CRRM¼7.5) required to cause liquefaction has been obtained
versus depth for each test using the Boulanger and Idriss (2014)
CPT-based liquefaction triggering procedure. The CRRM¼7.5 ver-
sus depth profiles have been obtained for a 50% probability of
liquefaction. Although 15% probability is often recommended for
forward design, in this study, the 50% probability curve has been
considered to avoid overconservatism in estimating the factor of
safety against liquefaction, especially because these estimates are
compared with observations.

The cyclic stress ratio (CSR) versus depth profile for each site
has been obtained for the three seismic events (2016 Kaikōura and
2013 Cook Strait and Lake Grassmere earthquakes) by using the
simplified procedure of Seed and Idriss (1971). To facilitate com-
parisons between the CRR and CSR profiles, the CSR profiles have
been converted to CSRM¼7.5 for all the earthquake events by using
the equation

CSRMw7.5 ¼ CSR=MSF ð5Þ

where MSF = magnitude scale factor obtained by using the equa-
tion recommended in the Boulanger and Idriss (2014) CPT-based
liquefaction triggering procedure.

Plots of the CRR and CSR versus depth forMw7.5 are shown in
Figs. 7–12. These plots show that the CRR profiles have formed
several intermittent spikes along the depth, potentially due to the
effect of CPT probe interaction with gravel particles or due to rel-
atively high Ic values indicating a nonliquefiable soil matrix. How-
ever, the average CRR values excluding the occasional spikes
mostly remained in the range of 0.1–0.2, which is much less than
the CSR for the Kaikōura event. Therefore, liquefaction is esti-
mated to trigger for the Kaikōura event based on the average
CPT resistance.

Fig. 12. Profiles indicating (a) soil profile; (b) DPT blow count, N 0
120; (c) CPT cone resistance, qc1; (d) soil behavior type, Ic; (e) CRR and CSR from

DPT; and (f) CSR and CRR from CPT for Location 044. NL layers are shown by shaded rectangles in plot (f).
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CSRs for the Lake Grassmere event were lower than the average
values of CRRs, indicating that liquefaction is not estimated to trig-
ger except for a few very thin layers. Hence, the results for the Lake
Grassmere earthquake are relatively consistent with the lack of
liquefaction observed. On the other hand, the CSR profile for
the Cook Strait event remained just slightly higher than the average
values of CRR (excluding the spikes) with liquefaction predicted in
relatively thin layers, less than 1 m in thickness, above a depth of
6 m. Therefore, the CRR and CSR plots for the Cook Strait event
indicate a marginal chance of liquefaction occurrence within the
gravelly layers. This evaluation remains consistent with the occur-
rence of localized damage including the lateral spreading and ver-
tical settlement produced along the southern and western edges of
the Thorndon reclamation along with limited liquefaction ejecta of
sandy soil. Of course, there is also a possibility that liquefaction
occurred at greater depths but did not produce any gravel ejecta
on the surface.

Triggering Analysis

To evaluate the liquefaction potential of all points together against
the set of liquefaction triggering curves of Boulanger and Idriss
(2014), the critical layers for each borehole were first identified
by using the criterion of lowest average factor of safety, i.e., the
layer that produces the lowest average ratio of CRRM¼7.5 to
CSRM¼7.5. In the case of CPT, the critical layer has been over a
thickness of about 0.5 m to represent a consistent qc1 resistance

that is less affected by thin peaks and troughs (Boulanger and
Idriss 2014). Also, the critical layer has been identified at the shal-
lower depth below the GWT because that layer would be the most
likely to trigger and manifest liquefaction at the ground surface
(Green et al. 2014; Dhakal et al. 2020b).

The location and the thickness of representative critical layers
for all the boreholes are depicted by the dashed lines in Figs. 6–11.
Layers with Ic values higher than 2.6 were screened out as claylike
soil layers that are considered nonliquefiable (Boulanger and Idriss
2014). The boundary line for Ic ¼ 2.6 is shown by solid vertical
lines on the plots of Ic, and the layers with Ic greater than 2.6 have
been marked with shaded zones on the CRR plots in Figs. 7–12 to
indicate the nonliquefiable (NL) layers. In addition, thin inter-
bedded layers with high qc1 peaks, which can be caused by the
interaction with large gravel particles, have also been excluded
in calculating the average penetration resistance of the selected
critical layers.

Based on the representative critical layer at each borehole, the
average equivalent clean sand penetration resistance (qc1Ncs) and
CSR were obtained for all the earthquake events. The pairs of
qc1Ncs and CSR have then been plotted as liquefaction or no-
liquefaction data points along with the CPT-based triggering curves
as shown in Fig. 13. The results indicate that the (CSR, qc1Ncs) data
points corresponding to the Kaikōura event, which produced wide-
spread liquefaction manifestation on the ground surface, fell well
above the 85% triggering line and hence the estimation of lique-
faction triggering was consistent with the actual case history.

Fig. 13. Comparison of average CSR-qc1Ncs points in the critical zone for CPT holes for three earthquakes at Wellington Port in comparison with
CPT-based probabilistic liquefaction triggering curves. Solid markers indicate liquefaction sites and open markers indicate no liquefaction. (Data from
Boulanger and Idriss 2014).
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The points for the Lake Grassmere event fell below the 50% trig-
gering line, indicating very little chance of triggering liquefaction,
which is more or less consistent with the real case history because
there was no significant damage or liquefaction ejecta observed
after this earthquake except some minor cracking at a few locations.

For the Cook Strait event, most of the points fell above the 50%
but below the 85% triggering curve, suggesting a moderate chance
of liquefaction. This slightly overestimated the actual event, which
produced some localized manifestation near the Thorndon exten-
sion along with some sandy ejecta but not as severe as the Kaikōura
event that produced extensive liquefaction manifestation through-
out the reclamation fill. Besides, near the boreholes considered in
the present study, no indication of gravel ejecta was observed after
the Cook Strait event. However, plotting results from the critical
layers only can be somewhat deceptive because this approach does
not consider the liquefaction potential of the entire profile, which
was characterized by thin layers of liquefaction, as discussed
previously.

Overall, the CPT-based liquefaction triggering procedure of
Boulanger and Idriss (2014) performed well for very low and
medium-to-high seismic demands of the Lake Grassmere and
Kaikōura earthquakes, respectively, but the performance remained
marginal near the threshold of liquefaction triggering for the seis-
mic demand induced by the Cook Strait earthquake (Dhakal et al.
2020b). The probable reason behind this fact can be that small un-
certainties in the seismic demand, fines content, or other factors
associated with using the simplified procedure can lead to impor-
tant variations in the potential for liquefaction when the CSR is
close to the CRR.

Liquefaction Evaluation Based on the DPT

Based on the DPT N 0
120 profiles shown in Figs. 6–11, the CRR

versus depth profiles have been obtained for all the boreholes using
the DPT-based liquefaction triggering procedure of Rollins et al.
(2021) for 50% probability of liquefaction (PL ¼ 0.5) correspond-
ing to Mw7.5. This is the same probability as used in the CPT as-
sessment. In addition, CSR profiles have been obtained by using
the simplified procedure of Seed and Idriss (1971) as described
in the section on CPT. To further facilitate comparison between
the CRR and CSR profiles for every site, the CSR profiles have
been converted to the reference magnitude of Mw7.5 by using
the DPT-based MSF given by Rollins et al. (2021).

The computed CRRM¼7.5 and CSRM¼7.5 profiles for the three
different earthquake events (Kaikōura, Cook Strait, and Lake
Grassmere) at the port are plotted together in Figs. 6–11 for all
the DPT boreholes. These plots show that the CSR values for
the Kaikōura event are considerably higher than CRR, therefore
estimating a low factor of safety for liquefaction triggering through-
out the depth of the gravelly deposits. These results are consistent
with the observations of large volumes of gravelly soil ejecta erupt-
ing at the ground surface.

In contrast, the CSR versus depth profiles for the Lake Grass-
mere event remain lower than the CRR profiles, indicating higher
factors of safety against liquefaction or lower probabilities of lique-
faction. This is consistent with the actual scenario for the Lake
Grassmere event, which hardly produced any liquefaction manifes-
tation on the surface. For the Cook Strait event, the CRR curve
versus depth was generally similar to the CSR curves, with some
layers having CRR values slightly higher, and for some parts of
the fill, the CRR was slightly lower than CSR, indicating a marginal
chance of liquefaction. This result is consistent with some ob-
served features of localized damages at the port, including lateral
spreading and liquefaction ejecta near the Thorndon extension.

But liquefaction manifestations were not as extensive around the
whole reclamation site, as occurred during the Kaikōura event.

Triggering Analysis

To provide a summary of the liquefaction potential for all sites,
a simplified triggering analysis has been performed by using
the newly developed DPT-based triggering curves of Rollins et al.
(2021). To perform the triggering analysis, the critical layer has first
been selected for every test hole following the similar procedure
described for the CPT-based triggering analysis, i.e., by subjec-
tively considering the effect of depth, thickness, and the factor
of safety in a holistic manner to select the potential layer most likely
to produce liquefaction manifestation on the ground surface. In the
case of the DPT, both N 0

120 and CRR profiles were relatively con-
sistent and do not reflect significant variation in the liquefaction
resistance for thin interbedded layers, unlike the CPT. Therefore,
the critical layers for the DPT have typically been selected over
an interval of 1 m or more to provide a more representative N 0

120

avoiding the effects of thin peaks and troughs existing in the DPT
profiles.

Like the CPT, several layers with low N 0
120 values, but having Ic

greater than 2.6, have been excluded from consideration as the criti-
cal layer because Ic > 2.6 from the CPT implies that the soils are
not susceptible to liquefaction. The location and the thickness of
the critical layers for all the DPT profiles are depicted by the dashed
lines in Figs. 6–12.

Based on the identified critical layers, the average CSR andN 0
120

has been obtained for each borehole. These pairs of CSR and N 0
120

have then been plotted for all three earthquakes in Fig. 14 along
with the DPT-based triggering curves to facilitate comparisons with
the 50% triggering line. Fig. 13 shows that the liquefaction points
corresponding to the 2016 Kaikōura event fell well above the 85%
triggering line, indicating a high chance of liquefaction occurrence,
which is consistent with the widespread liquefaction manifestation
that occurred after the event. On the other hand, the points of no-
liquefaction corresponding to the 2013 Lake Grassmere event
fell much below the 50% triggering line, indicating almost no
chance of triggering liquefaction, which is also consistent with
the actual case history where hardly any liquefaction manifestation
(a few minor cracks but no ejecta or significant damage) occurred
after this event.

The points corresponding to the Cook Strait event fell just below
the 50% line, indicating a marginal chance of liquefaction occur-
rence, which is also consistent with the localized lateral spreading
and corresponding damage near the Thorndon extension, although
the entire reclaimed area was not severely damaged as during the
Kaikōura event. Hence, the DPT-based liquefaction triggering
procedure was generally successful in evaluating the liquefaction
potential of the Thorndon gravelly reclamation for all three earth-
quake events. Nevertheless, a certain degree of uncertainty is inher-
ent in the DPT-triggering method because it does not account the
effect of fines content in estimating the liquefaction triggering
potential.

Comparison between the Liquefaction Evaluation
Based on CPT and DPT

To draw a comparison between the liquefaction evaluation based
on the CPT and DPT, the CRR profiles obtained from both tests
are plotted together in Fig. 15 for all the sites. Fig. 14 shows that
the DPT-based CRR profiles were closely aligned with the average
CPT-based CRR profiles excluding the occasional spikes. How-
ever, the intermittent spikes observed in the CPT-based CRR
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profiles were absent in the DPT-based CRR profiles. This incon-
sistency between the DPT and CPT results can be explained by the
concept of particle-size effect on the penetrometers used in the re-
spective in situ tests. The particle-size distribution shown in Fig. 4
indicates that the gravel content for the Thorndon reclamation fill
was about 60%–70%. The average particle size, D50, for most of
the samples was around 6 to 7 mm. However, about 30% to 40% of
the gravel particles were in the range of 10 to 15 mm. Hence in the
case of the DPT, the cone with a diameter of 74 mm and a cone
angle of 60° can easily penetrate these larger gravel particles with-
out any artificial increase in resistance from large particle–cone in-
teraction. Therefore, the DPT did not produce intermittent spikes in
the N 0

120 or CRR profiles at the port of Wellington, despite the pres-
ence of gravel particles in the soil layers.

In the case of the CPT, the diameters of the 10- and 15-cm2

cones were 18 and 22 mm. Therefore, the gravel particles with
diameters of 10 to 15 mm may obstruct the penetration of the
CPT probe, yielding some occasional spikes in the penetration re-
sistance qc and the corresponding CRR profiles. However, because
the gravelly deposit of the reclamations is primarily governed by the
sand and silt content, which is indicated by the average qc of 5.75–
8.14 MPa and Ic of 1.87–2.26 [with the 25th and 75th percentiles of
qc and Ic lying between 6.5 and 8 MPa and 2.1–2.2, respectively, as
per Dhakal et al. (2020a)], the overall liquefaction potential of the
fill deposit was not affected by the occasional spikes, and the aver-
age CPT-based CRR profile was in good agreement with the DPT-
based CRR profiles. This fact is also consistent with the results of
Roy and Rollins (2022), which showed that the pore pressure

generation in gravelly soil is governed by the hydraulic conductivity
of the soil matrix, which in turn is significantly controlled by the
amount of sand and silt content remaining in the soil matrix. Roy
and Rollins (2022) reported a large amount of gravel liquefaction
case history data where the variation of sand content was found to
be 20% to 90% in the liquefiable gravelly deposits.

On the other hand, the CPT could capture the subtle changes in
penetration resistance caused by the thin seams of nonliquefiable
soil. These thin interbedded layers are reflected by the off-scale
spikes on the CRR profiles formed at the locations where Ic was
greater than 2.6. These portions have been carefully excluded when
analyzing the particle-size effect by using the Ic ¼ 2.6 line, which
clearly discriminates the nonliquefiable clayey layers (Ic > 2.6)
shown by shaded layers on the CRR plots in Figs. 7–12. Therefore,
in terms of liquefaction assessment, the high sensitivity of the CPT
to the soil composition and density state of the soil matrix proves to
be highly beneficial for identifying thin nonliquefiable interbedded
layers.

The triggering analyses performed by both CPT and DPT
(Figs. 13 and 14) estimated a high chance of liquefaction occur-
rence for the Kaikōura event, but almost no chance of liquefaction
for the Lake Grassmere event. For the Cook Strait event, both meth-
ods estimated a marginal degree of liquefaction, with the CPT in-
dicating probabilities somewhat higher than 50% and the DPT
indicating probabilities just below 50%. However, the overall con-
sistency of the estimated degree of liquefaction with the actual case
histories for each event confirmed the reliability of both the CPT-
and DPT-based triggering procedures for evaluating liquefaction

Fig. 14. Comparison of average CSR-N 0
120 points in the critical zone for DPT holes for three earthquakes at Centerport in comparison with DPT-

based probabilistic liquefaction triggering curves (data from Rollins et al. 2021). Solid markers indicate liquefaction sites, and open markers indicate
no liquefaction.
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potential of the Thorndon reclamation at Centerport. Of course, a
certain degree of uncertainty would still be expected for each of
these triggering procedures. Considering that both methods were
independently developed from separate data sets, the agreement be-
tween the two methods confirm the reliability of both methods.

Summary and Conclusions

CPTs and DPTs tests performed at seven locations in the Thorndon
reclamation of Centerport at Wellington, New Zealand. These
sandy gravel fill deposits liquefied, producing a large volume of

Fig. 15. Comparison of CRR versus depth curves obtained from DPT-based (data from Rollins et al. 2021) and CPT-based (data from Boulanger and
Idriss 2014) triggering curves at 50% probability of liquefaction. NL layers shown by shaded rectangles.
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sandy gravel ejecta along with significant lateral and vertical dis-
placements during the Mw7.8. Kaikōura earthquake in 2016. How-
ever, marginal liquefaction was observed during the Mw6.6 Cook
Strait earthquake, and almost no liquefaction was found during
the Mw6.6 Lake Grassmere earthquakes in 2013. Based on this
comparative study of liquefaction potential using CPT- and
DPT-based methods at the port of Wellington, the following con-
clusions can be drawn:
• The Robertson chart indicates that the SBT of the reclamation

fill is primarily governed by the sand and silt content because
most points fall in the region of the sand zone, although signifi-
cant amounts of gravel content remained in the soil matrix.

• The CRR versus depth curves obtained from the DPTwere very
similar to the average CRR versus depth curves, excluding the
occasional spikes from the CPT, which confirms the consistency
of both methods in assessing liquefaction resistance in the loose
gravel-sand-silt deposits at Centerport, considering that both
methods were developed independently.

• Generally, the DPTyielded relatively smooth profiles of low pen-
etration resistance (N 0

120), whereas the CPT profiles exhibited oc-
casional spikes in penetration resistance with depth. This implies
that the larger-diameter DPT penetrometer was less influenced
by gravel-sized particles and obtained more stable resistance rel-
ative to the CPT. However, the soil behavior at the Thorndon
reclamation is primarily governed by the permeability of thesand
and silt content as suggested by average Ic values and hence the
occasional spikes in CPT profiles do not alter the prevalent qc
values that govern the outcomes in the liquefaction evaluation.

• Both the CPT- and DPT-based CRR remained consistently
lower than the CSR for the Kaikōura event, indicating a high
probability of liquefaction, which is consistent with observed
liquefaction features. For the Lake Grassmere event, CRRs from
the CPT and DPT were consistently higher than the CSR, indi-
cating relatively little chance of liquefaction occurrence, as was
observed. For the Cook Strait event, the CRR profiles were typ-
ically close to the CSR with depth, indicating a marginal chance
of liquefaction manifestation, which is also consistent with the
localized damage observed near the southern and western edge
of the reclamation site.

• Overall, both triggering procedures satisfactorily evaluated the
probability of liquefaction occurrence at the Thorndon reclama-
tion site, although a certain degree of uncertainty exists indi-
vidually in each procedure, particularly in estimating the
probability of liquefaction for marginal events.

Data Availability Statement

Some data, models, or code that support the findings of this study
are available from the corresponding author upon reasonable re-
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DPT-based liquefaction resistance profiles.
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