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Abstract: Data from 58 high-quality liquefaction case histories from the Darfield and Christchurch earthquakes are utilized to investigate
the efficacy of current liquefaction aging correction procedures. Toward this end, liquefaction case histories are analyzed in which aging
corrections are and are not applied, and the resulting predictions are compared to the actual liquefaction response of the deposits. An error-
index is calculated to quantify the efficacy of aging corrections. While all the sites located in the Christchurch area are classified as Holocene,
based on their geological age, their liquefaction response is influenced more by the geotechnical age of the soil deposits. Aging correction was
determined to be beneficial for the liquefaction assessment of soils that experienced recurrent liquefaction (i.e., geotechnical young deposits).
However, aging corrections were determined to exacerbate the liquefaction assessment of relatively old (greater than ~62-580 years) soil
deposits. DOI: 10.1061/(ASCE)GT.1943-5606.0002294. © 2020 American Society of Civil Engineers.
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Introduction

The liquefaction triggering potential of soil is commonly evaluated
using the simplified stress-based procedure introduced by Whitman
(1971) and Seed and Idriss (1971). This procedure involves com-
puting two main parameters: the cyclic resistance ratio (CRR) of
the soil and cyclic stress ratio (CSR) induced by the earthquake.
The CRR is a measure of the soil’s resistance against liquefaction
triggering and can be estimated using in situ data within either a
deterministic or probabilistic framework. The CSR is an estimation
of the normalized shear stress induced by earthquake shaking at
depth in a soil profile. To date, simplified stress-based approaches
have been proposed by several researchers based primarily on
the standard penetration test (SPT), the cone penetration test
(CPT), and small-strain shear wave velocity (V) in situ test data
(e.g., Andrus and Stokoe 2000; Youd et al. 2001; Cetin and
Seed 2004; Moss et al. 2006; Kayen et al. 2013; Boulanger and
Idriss 2014). These procedures include a large number of factors
that are used to normalize/correct case histories to a moment mag-
nitude (Mw) 7.5 earthquake (EQ), such as clean sand, 101 kPa
(1 atm) vertical effective confining stress, and level ground.
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However, as discussed by Seed and Idriss (1971), Youd and Hoose
(1977), and Youd and Perkins (1978), Mesri et al. (1990), Arango
and Migues (1996), Arango et al. (2000), Leon et al. (2006), and
Hayati and Andrus (2009), the age of a soil deposit has a marked
influence on the CRR or liquefaction resistance of the soil deposit,
with younger deposits having a lower liquefaction resistance than
older deposits. Moreover, Towhata et al. (2014) and Maurer et al.
(2014) observed that deposits that experienced recurrent liquefac-
tion were more susceptible to liquefaction in future events, on par
with young deposits, regardless of the depositional age of the de-
posit. This implies that the occurrence of liquefaction destroys the
effects of aging in soil, resulting in a geotechnically-much-younger
soil deposit in terms of liquefaction resistance during future events.

Different chemical and mechanical mechanisms can be involved
in soil aging. Chemical-related mechanisms are related to changes
in soil cementation at particle contacts, while mechanical mecha-
nisms involve changes in particle orientation and interlocking
along with changes in soil gradation caused by particles crushing
(Mitchell and Solymar 1984; Mitchell 1986; Schmertmann 1987;
Mesri et al. 1990; Joshi et al. 1995; Arango and Migues 1996;
Bwambale et al. 2017; Bwambale and Andrus 2019).

The effect of aging on soil has been shown to influence the pen-
etration resistance measured from in situ tests, such as the SPT or
CPT (Mitchell and Solymar 1984; Kulhawy and Mayne 1990).
However, aging effects are more evident from measurements of
a small-strain shear wave velocity. This is driven by the fact that
the SPT blow count and CPT tip resistance are large strain mea-
surements, which tend to be somewhat insensitive to the influence
of aging, whereas V is a small strain measurement and thus is more
sensitive to changes in the soil fabric due to aging (Andrus et al.
2007; Rahimi et al. 2018). However, neither penetration-based field
testing measurements nor V, has been shown to fully capture the
aging effects of soils because of the strain level differences at which
field tests are performed and age-related effects exist. Chemical-
related and mechanical-related aging effects manifest in the stress-
strain characteristics of soil deposit in the medium strain range
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(typically between 10™% and 10~'%), and therefore, they influ-
ence soil liquefaction resistance because the dilative and contrac-
tive behavior of soils, and thus, pore pressure generation, generally
initiate in this strain range (Ishihara 1996). However, such effects
will not be fully evident in large (penetration tests) or small (shear
wave velocity) strain tests (Roy et al. 1996; Hayati and Andrus
2009).

In the last two decades, several studies have been conducted to
develop a practical procedure to account for the aging effects of
sands for liquefaction assessment purposes. Arango et al. (2000)
proposed an age correction factor, which was subsequently updated
by several researchers (Lewis et al. 2004; Andrus et al. 2004;
Hayati et al. 2008; Hayati and Andrus 2009; Andrus et al. 2009;
Maurer et al. 2014; Saftner et al. 2015). The age correction factor,
Kpp, is typically applied to the CRR of soils

CRRK:CRRXKDR (1)

where CRRy = age-corrected cyclic resistance ratio. Hayati and
Andrus (2009) have proposed two correlations for estimating K pp:
one derived from cyclic triaxial and cyclic simple shear test data
with the reference age of 2 days and one from field tests with the
reference age of 23 years. The Ky equation proposed for the field
test is

Kpg = 0.13 x log(f) + 0.83 (2)

where t = geotechnical age of deposit in years. This equation was
developed using data from sites with geotechnical ages ranging
between 0.2 and 35,000,000 years, with the majority of the sites
having a geotechnical age less than approximately 200 years. The
geotechnical age of the deposit is the time because the most recent
critical disturbance of the soil fabric, e.g., the time since the last
episode of moderate-to-severe liquefaction that resulted in the loss
of the particles’ mechanical interlocking or breaking of chemical
cementation at particles contacts, thus resetting the aging clock of
the deposit. If the soil fabric has never been disrupted, then the geo-
technical age is equal to the time since the initial soil deposition
(i.e., geological age). A modified K relationship was also pro-
posed by Maurer et al. (2014) based on the CPT and liquefaction
data from the 2010 to 2011 Canterbury earthquake sequence (CES),
given by Eq. (3), which slightly modifies the relationship originally
proposed by Hayati and Andrus (2009)

Kpr = 0.12 x log(f) + 0.86 (3)

The objective of this paper is to investigate the efficacy of the
aging correction procedure proposed by Hayati and Andrus (2009)
for the liquefaction assessment of soils using 58 high-quality lique-
faction case histories from the CES in which aging could play a key
role in the liquefaction assessment of the case histories. These case
histories are ideal for this purpose because the geotechnical age of
the current dataset, which varies between 0.47 and ~109 years, is
within the range of geotechnical ages used by Hayati and Andrus
(2009) to develop Eq. (2). The case history database, which in-
cludes colocated CPT and V data along with the postevent obser-
vations, is discussed first. Then, the geotechnical age of the soil for
each of the case histories is estimated using different scenarios, in-
cluding the last known critical disturbance and initial deposition.
The uncorrected and age-corrected case histories are then analyzed
to investigate if aging corrections could improve/exacerbate the
liquefaction triggering predictions as compared to the observed
response. Finally, some discussions regarding the efficacy of aging
corrections for liquefaction assessment of very young and relatively
old soil deposits are provided.
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Soil Aging Mechanisms

The aging mechanisms that change a soil’s geotechnical properties,
particularly its liquefaction resistance, are not yet fully understood,
but there are several potential mechanisms that are believed to be
responsible for increasing the CRR of soil deposits over time. This
includes changes in particle orientation, particle interlocking, ce-
mentation at particle contacts, and even changes in particle size
and soil fabric due to load. The chemical and mechanical mecha-
nisms that are involved in soil aging are shown schematically in

Fig. 1. In this figure, for the initial soil conditions/fresh soil deposit

(age = 0), it is assumed that the soil is cohesionless (¢; = 0) with a

void ratio equal to e;. The time-dependent strength gains of the soil

through the aging process can be divided into three groups (Groups

A, B, and C in Fig. 1), as follows:

* Group A—mechanical soil aging due to the changes in soil
particle orientation and interlocking during the time #i. In this
process, the cohesion of the aged deposit remains constant while
its void ratio (ef) decreases slightly due to particle reorientation
resulting from the external loading applied to the soil during the
time #i. As shown in Fig. 1, the particle dimensions are exactly
the same for both fresh and aged soil elements [Fig. 1(a)], but
the aged deposit may have a slightly smaller void ratio, owing
to the particle reorientation. This results in increased soil stiff-
ness, soil shear strength, and liquefaction resistance for the aged
deposit (Kiyota et al. 2009; Towhata et al. 2017).

*  Group B—chemical soil aging due to the changes in cementa-
tion at interparticle contacts during the time ¢i. During this pro-
cess, the soil particles gain some adhesion at the interparticle
contacts through chemical reactions. This leads to an increase
in soil cohesion while the rest of geotechnical properties includ-
ing a soil void ratio, and particle interlocking and orientation
remain unchanged. This process is illustrated in Fig. 1(b) in
which the soil void ratio and particle interlocking and orienta-
tion are the same for both freshly and aged soil elements, but
some adhesion [shown in black spots in Fig. 1(b)] developed at
interparticle contacts in the aged deposit (Youd and Hoose 1977;
Mitchell and Solymar 1984).

e Group C—mechanical soil aging due to the variations in soil
gradation. External loading can crush some soil particles and
result in a new soil skeleton and soil gradation (Joshi et al. 1995;
Chuhan et al. 2002). This happens more often in near-surface
soils because they can be subjected to higher changes in stress
levels. Changes in the stress levels can occur due to different
phenomena over thousands or millions of years. An example of
this phenomena is soil compaction due to surface loading. This
aging mechanism is generally rare and more valid for coarse-
grained than fine-grained soils due to the higher potential for
particle crushing in granular coarse-grained soils (Chuhan et al.
2002). During this process, the void ratio of the soil decreases,
and the soil can reach a more stable state without any change in
cohesion [Fig. 1(c)].

It should be mentioned that soil aging can also occur by any
combination of the three mechanisms explained previously. This de-
pends on the age of the soil deposit because the development rate of
soil aging mechanisms is different. In the short term (from minutes
to a few thousand years), mechanical mechanisms typically domi-
nate the soil aging effects, whereas in the long term, the chemical
mechanisms become more considerable (Olson et al. 2001).

Liquefaction Case History Database

The database used in this study consists of 58 high-quality
CPT and V, liquefaction case histories originally published by
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Initial conditions
Fresh deposit
e;, ¢;=0 and t;=0

Final conditions
Aged deposit,
tp=n (years)

Aging due to the changes
QA; in particle orientation and
] interlocking
ep<e;and c¢;{=c;=0

Aging due to the changes
A in soil cementation at

| interparticle contacts

| ep=e¢and ¢<cp

L A Aging due to the changes
in soil gradation
er<e¢; and ¢;=c;=0

Fig. 1. Chemical and mechanical mechanisms involved in soil aging: (a) mechanical soil aging caused by changes in particle orientation and
interlocking; (b) chemical soil aging caused by changes in soil cementation at particle contacts; and (c) mechanical soil aging caused by particle

crushing.

Green et al. (2014), Wotherspoon et al. (2013), and Wood et al.
(2017a, b). The site locations and the subsurface stratigraphy of
each site are discussed in detail in these references. The case his-
tories published by Green et al. (2014) and Wood et al. (2017a, b)
consist of 44 CPT and V case histories (from 22 sites and 2 earth-
quakes), which are tabulated in Table 1, along with the location of
the critical layer, the normalized/corrected CPT tip resistance
(geines), and the overburden corrected, small-strain shear wave
velocity (V) for the critical layer. Surface wave methods (the
spectral analysis of surface waves, multichannel analysis of surface
wave, and microtremor array measurement) were used to determine
the V, of the soil profiles. This testing is discussed in detail in
Wood et al. (2017a, b). The maximum lateral distance between
the CPT and the center of the surface wave measurements was ap-
proximately 6 m. The severity of the surficial liquefaction manifes-
tations for the Mw 7.1, September 4, 2010, Darfield earthquake and
the Mw 6.2, February 22, 2011, Christchurch earthquake along
with the approximate geotechnical and geologic age of the soils
during each event are also listed in Table 1. Case histories in this
study are divided into four groups in terms of liquefaction severity.
These groups include the following: (1) no liquefaction, (2) minor
liquefaction (limited water ejecta and cracking at the ground sur-
face), (3) moderate liquefaction (moderate sand boils and cracking
at the ground surface), and (4) severe liquefaction (considerable
sand boils and cracking at the ground surface). Further details re-
garding these categories is provided in Green et al. (2014). The
remaining 14 liquefaction case histories (from 11 sites and 1 earth-
quake) were published by Wotherspoon et al. (2013) and include
CPT liquefaction case histories near strong motion stations (SMSs).
These case histories are tabulated in Table 2 with the location of the
critical layer, the ¢,y for the critical layer, the approximate geo-
technical and geologic age of the soils during the Christchurch
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earthquake, the severity of the observed surficial liquefaction man-
ifestations, and the predicted liquefaction response based on the
characteristics of the recorded ground motions for the Christchurch
earthquake. For liquefaction assessment using ground motion re-
cords, liquefaction was identified by observed high amplitude
spikes resulting from soil dilation, followed by a reduction in
the amplitude of the ground motion and a loss of high frequency
content in the later part of the ground motion record (e.g.,
Upadhyaya et al. 2019). The CPT soundings used in the study were
performed between approximately November 2010 and July 2011
following the Darfield and/or Darfield and Christchurch earth-
quakes. The V data were collected in July/August 2011 by the
authors, as discussed in Wood et al. (2017a, b).

For the Green et al. (2014) and Wood et al. (2017a, b) database,
there are 15 surficial manifestation and 7 no liquefaction case his-
tories from the Darfield earthquake and 18 surficial manifestation
and 4 no liquefaction case histories for the Christchurch earth-
quake, as presented in Table 1. For the SMSs database, there are
nine liquefaction and five no liquefaction case histories based on
the observed surface manifestations. However, based on the char-
acteristics of the recorded ground motions (variations in the ampli-
tude and high-frequency content) there are only two no liquefaction
case histories in this database, as presented in Table 2. This will be
subsequently explained in more detail in the paper.

Estimating Age of Soils

In the original studies by Green et al. (2014), Wotherspoon et al.
(2013), and Wood et al. (2017a, b), aging corrections were not ap-
plied to the case histories. Therefore, in this study, it is necessary to
estimate the age (geotechnical/geological) of each of the sites at the
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Table 1. Summary of New Zealand database for the Darfield and Christchurch earthquakes

Darfield Christchurch
Liquefaction Liquefaction

Approximate  Critical layer  Critical layer  incidence based =~ Approximate incidence based Approximate
Site Vi GeiNes geologic average thickness on surface geotechnical on surface geotechnical
No. Site name (m/s) (atm) age (years) depth (m) (m) manifestation age (years) manifestation age (years)
1 SHY-09 159 71.7 3,000 4.8 2.0 No lig. 62-580 Mod liq 0.47-580
2 AVD-07 131 95.3 3,000 35 2.0 No liq. 62-580 Mod liq 0.47-580
3 BUR 46 129 91.6 3,000 7.3 3.0 Min liq. 62-580 Sev liq 0.47
4 CBD 21 128 147.2 3,000 5.5 2.0 No lig. 62-580 Min liq 0.47-580
5 FND 01 154 60.8 3,000 3.8 0.3 Mod lig/LatSprd 62-580 SevLatSprd® 0.47
6 KAN 03 132 107.9 3,000 52 3.0 Min liq 62-580 No liq 0.47
7 KAN 05 145 63.7 3,000 3.6 1.0 Min liq 62-580 Minor liq 0.47
8 KAN 09 153 55.1 3,000 1.9 1.2 Min liq 62-580 No liq 0.47
9 KAN 19 162 118.2 3,000 3.7 2.7 Min liq 62-580 No liq 0.47
10 KAN 23 136 127.8 3,000 4.8 1.0 Min liq 62-580 No liq 0.47
11 KAN 26 140 103.0 3,000 6.5 3.1 Mod liq 62-580 Min liq 0.47
12 KAN 28 168 71.4 3,000 2.6 1.2 Min-mod liq 62-580 Min liq 0.47
13 KAS 11 181 80.8 3,000 2.6 1.1 Min-mod liq 62-580 Min liq 0.47
14 KAS 20 137 69.3 3,000 43 1.5 Min-mod liq 62-580 Min liq 0.47
15 SBT 01 140 89.5 3,000 3.6 2.8 Min liq 62-580 SevLiq 0.47
16 NBT 02 142 74.4 3,000 5.8 1.9 Min-mod liq 62-580 Sev liq 0.47
17 NBT 03 108 73.7 3,000 8.6 32 Min liq 62-580 Sev liq 0.47
18 RCH 14 176 35.7 3,000 4.5 2.0 No liq 62-580 Min-mod liq 0.47-580
19 Z1-3 146 93.0 3,000 6.1 43 Min liq 62-580 Mod-sev liq 0.47
20 72-4 187 121.7 3,000 1.6 1.0 No liq 62-580 Mod liq 0.47-580
21 72-6 171 97.2 3,000 24 0.9 No liq 62-580 LatSprd 0.47-580
22 Z4-4 198 92.7 3,000 2.6 1.3 No liq 62-580 Mod liq 0.47-580

Note: No liq = no liquefaction; Mod liq = moderate liquefaction; Min liq = minor liquefaction; Sev liq = severe liquefaction; and SevLatSprd = severe lateral

spreading.

Table 2. Summary of the SMSs database for the Christchurch earthquake

Liquefaction Liquefaction

Approximate Critical layer Critical layer incidence based incidence based Approximate
Site qenes geologic average thickness on surface on recorded geotechnical
No. Site name (atm) age (years) depth (m) (m) manifestation ground motions age (years)
1 CCccc 87.6 3,000 2.9 0.6 Yes-minor Yes 0.47
2 CHHC1 103.6 3,000 2.8 0.7 Yes-moderate Yes 0.47
3 CHHC2 90.7 3,000 4.0 1.3 Yes-moderate Yes 0.47
4 CMHS 57.8 3,000 2.3 0.6 Yes-severe Yes 0.47
5 HPSC 54.1 3,000 2.8 2.5 Yes-severe Yes 0.47
6 NBLC 141.1 3,000 6.1 1.0 No No record 0.47-580
7 NNBS1 127.9 3,000 29 0.4 No Yes 0.47-580
8 NNBS2 121.7 3,000 5.5 1.1 No Yes 0.47-580
9 PPHS 70.5 3,000 3.1 0.6 No No 0.47-580
10 PRPC1 94.3 3,000 2.7 0.3 Yes-minor Yes 0.47
11 PRPC2 82.3 3,000 3.6 1.3 Yes-minor Yes 0.47
12 PRPC3 102.8 3,000 2.8 0.4 Yes-minor Yes 0.47
13 REHS 77.0 3,000 2.4 0.8 No Yes 0.47-580
14 SHLC 103.3 3,000 3.5 0.8 Yes-moderate Yes 0.47

time of the Darfield and Christchurch earthquakes. Because the
liquefaction case histories used in this study are sites that liquefied
in one or both of the earthquakes, different scenarios are considered
to estimate the ages of the soil deposits, including the time since the
initial deposition and the time since the last known critical disturb-
ance. For identification of the last critical disturbance, any earth-
quake which was strong enough to trigger liquefaction within the
soil profile can be considered as a critical disturbance, even if it did
not result in surficial manifestations of liquefaction. Therefore,
liquefaction manifestation may not be the best metric for estimating
the geotechnical age of the soil deposits, although it is often used
due to a lack of other available information. It should be mentioned
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that in this study, the term very young soil deposits refers to soils
with geotechnical ages less than the reference age (23 years) de-
fined by Hayati and Andrus (2009), and the term relatively old
refers to soils with geotechnical ages greater than the reference
age (~62-580 years).

Darfield Earthquake

For the Darfield earthquake, two different scenarios are used to de-
termine the geotechnical age of the soil for each case history, as
follows:

J. Geotech. Geoenviron. Eng.
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Fig. 2. Possible geotechnical and geological scenarios for age estimation: (a) Darfield case histories; and (b) Christchurch case histories.

e The age is based on the last critical disturbance [Fig. 2(a)]. 1.

Different paleo-earthquakes can be considered as the last critical
disturbance for the Darfield case histories, as discussed by
Bastin et al. (2016). In this study, the term paleo-earthquakes
is defined as any prehistoric event that was not well-documented
in terms of liquefaction triggering and severity. This includes
seven different paleo-earthquakes that are believed to have re-
sulted in shaking strong enough to trigger liquefaction within 2.
the soil deposits but might not have resulted in surficial man-
ifestation, as illustrated in Fig. 2(a). Depending on the paleo-
earthquake being considered as the reference point for the
Darfield case histories, the geotechnical age of the soil deposits
could have been between 62 and 580 years old at the time of the
Darfield earthquake. Because the liquefaction response of the
case history sites during these paleo-events (subsequently re-
ferred to as paleo-EQs) is unknown, it is possible that the shak-
ing during these events was not strong enough to reset the aging
clock of the soils. Therefore, another scenario that needs to be
considered for the soil-age estimation at the time of the Darfield
earthquake is the time since the initial deposition.

* The age is based on the initial deposition time [Fig. 2(a)]. The
time since initial soil deposition (subsequenly referred to as in-
itial deposit) was determined by Cubrinovski and McCahon
(2011) based on radiocarbon dating of soil samples (Cubrinovski
and McCahon 2011; Brown et al. 1992). On the basis of the re-
sults of radiocarbon dating, if the initial deposit is considered as
the reference point for the age estimation for the Darfield case
histories, the age of the soil deposits is approximately 3,000 years
at the time the Darfield earthquake occurred.

Christchurch Earthquake

Sites impacted by the Mw 6.2 Christchurch earthquake can be
divided into two main categorizes in terms of geotechnical age:

© ASCE 04020059-5

For sites that liquefied during the Darfield earthquake, the age
of the soil deposits is estimated as the number of days elapsed
between the date of the Darfield and Christchurch earth-
quakes, i.e., 171 days [Fig. 2(b)]. This indicates that most of
the sites in the Christchurch database classify as very young/
fresh deposits. This scenario is referred to in this study as the

Darfield earthquake.

For sites with no observed surface manifestations of liquefaction

during the Darfield earthquake (including KAN 03, KAN 09,

KAN 19, and KAN 23), the age of soil deposit is estimated

using three different scenarios:

e It can be assumed that the Mw 7.1, September 4, 2010,
Darfield earthquake shaking was strong enough to reset the
aging clock of the deposit even though there was no evidence
of liquefaction manifestation at the ground surface. This
assumption is reasonable because it is supported by the
results of several SMSs in which there were no surficial man-
ifestations of liquefaction, but clear indications of liquefac-
tion (a reduction in amplitude and high-frequency content
of the ground motion records) are observed in the ground
motion records. This will be subsequently explained in more
detail in the paper. So, in this case, the age of deposit is the
period of time between the Darfield and Christchurch earth-
quakes [Fig. 2(b)].

* The age of the soil deposits can be estimated assuming lique-
faction was triggering in one of the paleo-EQs but not the
others [Fig. 2(b)] because no surface manifestations were
observed at the ground surface at these sites following the
Darfield earthquake.

* As mentioned previously, if none of the paleo-EQs were
strong enough to trigger liquefaction, the geotechnical age
of soil deposits should be estimated based on the initial de-
posit scenario [Fig. 2(b)] (Cubrinovski and McCahon 2011;
Brown et al. 1992).
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All the aforementioned scenarios are considered in correcting
for aging effects in assessing the liquefaction potential of the case
histories during the Darfield and Christchurch earthquakes.

Liquefaction Aging Correction Methodology

In the procedure proposed by Hayati and Andrus (2009) for lique-
faction aging correction, the Kpy is applied to the CRR value.
However, in this study, to be able to present all the age-corrected
liquefaction case histories for each database in a single triggering
plot, the reciprocal of the Ky is applied to the CSR value [Eq. (4)],
and the CRR curve is kept unchanged [Eq. (5)] (Fig. 3). Because
the factor of safety against liquefaction, which is defined as the
ratio of the CRR-CSR, will be the same regardless of whether
Kpr is applied to CRR or 1/Kpg is applied to CSR, either of
the approaches can be used for correcting for aging effects. As
shown in Fig. 3, aging correction according to Hayati and Andrus
(2009) can shift the cases either upward or downward depending on
the geotechnical age of the soil deposits. For case histories less than
23 years old, aging correction will shift the data point upward to-
ward the region of the predicted liquefaction triggering (Movement
1 in Fig. 3). On the other hand, for case histories with ages greater
than 23 years, aging correction will shift the data point downward
toward the region of no liquefaction triggering (Movement 2
in Fig. 3)

CSRage—corrected = CSR x (I/KDR) (4)

CRRage»corrected = CRRyjjtial (5 )

Results and Discussion

The critical layer is defined as the layer in the profile with the low-
est factor of safety against liquefaction triggering. The location of
the critical layer was identified based on the CPT data (Green et al.
2014) in such a way that the depth-thickness-density combination
of the critical layer for a given site is consistent with the observed
liquefaction response of the site (Olson et al. 2005; Green et al.
2014, 2005). The Idriss and Boulanger (2008) CPT-based trigger-
ing procedure and the Kayen et al. (2013) V;-based triggering pro-
cedure are used for the CPT- and V ;-based liquefaction evaluations,
respectively. The Idriss and Boulanger (2008) procedure is a deter-
ministic CPT-based approach for liquefaction assessment. The
Kayen et al. (2013), V-based triggering procedure is presented

The values of E; assigned to each case history is calculated

CR, R

Liquefaction

CSR

No Liquefaction

Vsl OF (¢iNes
m Cases with age less than 23 years (Hayati and Andrus 2009)
Cases with age greater than 23 years (Hayati and Andrus 2009)

I Movement due to
¢ the aging correction

A
|
|

Fig. 3. Aging correction procedure used in the present study.

(Reference age of 23 years is based on the Hayati and Andrus 2009

procedure.)

in a probabilistic framework; however, in this study, the determin-
istic triggering curve is used, which has a probability of liquefac-
tion (P;)=15% per Kayen et al. (2013) for assessing the
liquefaction potential of the V| dataset. Parameters needed for
liquefaction assessment of each case history are representative val-
ues of CSR, CRR, ¢, n.s,» and/or V; for the critical layers. These
parameters were computed by averaging their values across the
critical layer to develop a single value for each case history.

To investigate the influence of aging corrections on liquefaction
assessments, the aging correction factors are applied to the uncor-
rected case histories for each database. To accomplish this goal,
the liquefaction triggering plots using the uncorrected and age-
corrected cases are compared with the postevent liquefaction re-
sponse based on surface manifestations or recorded ground motion
characteristics. An error index is used to quantify the influence of
aging correction factors on the liquefaction assessment. The error
index value is computed based on the error index used by Green
et al. (2014) and Wood et al. (2017a, b)

EI = Z Wf,xE; (6)
i=1

where n = number of case histories; W f; = weighting factor based
on the observed liquefaction response of the deposit (Table 3); and
E; = relative error value for a given site.

|CSR,;75-CRR ;75|  Cases with moderate to severe evidence of ligand CSR ;7 5<CRR 475 ™)
"o Cases with moderate to severe evidence of ligand CSR ;75 > CRR ;75
: |CSR75-CRR 75|  Cases with minor evidence of liqg and CSR ;7 5 < CRR 7 5 ®)
"o Cases with minor vidence of liqg and CSR ;7 5 > CRR ;7 5
|CSR,/7.5-CRR ;75| Cases with no evidence of liq and CSR ;75 > CRR ;75 o)
"o Cases with no evidence of ligand CSR ;7 s < CRR ;7 5

where CSR ;7 5 and CRR ;7 5 = cyclic stress ratio and cyclic resistance ratio for a Mw 7.5 earthquake, respectively. While the assignment of
different weights based on the severity of liquefaction is somewhat subjective, the use of the weights does not influence the outcome of the
study in regard to the efficacy of aging correction for liquefaction assessment.
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Table 3. Weighting factors used for error index calculation

Weighting factor (Wf;)

Liquefaction severity

Moderate-severe 1
Minor 0.75
No liquefaction 0.5

Darfield Earthquake Case Histories

The first aging scenario used to estimate the age of soil deposits
during the Darfield earthquake is the paleo-EQs. Because the actual
liquefaction responses of the case history sites during the paleo-
EQs are largely unknown, the Darfield case histories are first
corrected for the aging effects assuming liquefaction was triggering
in one of the paleo-EQs, but not the others, to find the paleo-EQ
that results in the lowest error index value and number of mispre-
dictions. Shown in Figs. 4(a and b) are the number of mispredicted
case histories and error index values for the uncorrected and
age-corrected CPT and V case histories based on the Hayati and
Andrus (2009) correction procedure, using each of the paleo-EQs
as the reference point for aging estimation. From Fig. 4, it can be
seen that while aging corrections slightly increased the error index
values for the Darfield case histories, the number of mispredicted
cases significantly increased for most of the paleo-EQs scenarios.
The paleo-EQs scenario that led to the lowest error index value and
number of mispredictions is the 1901 Cheviot EQ; therefore, this
earthquake event is considered as the last critical disturbance for
aging estimation of the Darfield case histories. It should be men-
tioned that while it is believed that the 1901 Cheviot EQ was strong
enough to trigger liquefaction within the study area (Bastin et al.
2016), it might not have resulted in severe surficial manifestation
because no report is available in this regard.

In Fig. 5, the liquefaction triggering plots for the case histories
from the Darfield earthquake are shown as CSR versus q.iyes
and V. Shown in Figs. 5(a and b) are the uncorrected (Kpr = 1)
case histories for CPT and Vg, respectively. The Darfield case
histories are corrected for aging in Figs. 5(c and d) based on the
1901 Cheviot paleo-EQ scenario (i.e., 109 years, Kpr = 1.09),
and in Figs. 5(e and f) based on the initial deposit scenario
(i.e., 3,000 years, Kpr = 1.28). As may be observed from Fig. 5,
the use of the aging corrections reduced the CSR for each case his-
tory, moving them toward the no liquefaction region as the age of
the soil increases. For the case histories in which the application of

12

Vs

9 14 mCPT ] -

Number of mispredictions

(a)

the age-correction resulted in a change in the predicted liquefaction
response (e.g., predicted to liquefy without the age-correction but
predicted not to liquefy after age-correction is applied), the uncor-
rected predicted liquefaction responses are shown by tails (vertical
lines showing the aging correction) in Figs. 5(c—f).

As shown in Figs. 5(c and d), aging corrections using the 1901
Cheviot paleo-EQ scenario resulted in one additional false-negative
prediction (i.e., liquefaction not predicted, but liquefaction mani-
festations were observed) for the CPT case histories and one
additional false-negative prediction for the V case histories [as
illustrated in Figs. 5(c and d)], resulting in a net increase of two
for the number of mispredicted case histories. For the initial deposit
scenario, aging corrections resulted in one additional true-negative
and six additional false-negative predictions [as illustrated in
Figs. 5(e and f)], resulting in a net increase of five mispredicted
case histories. A summary of the error index values and number
of mispredictions for each scenario is shown in Fig. 6. It should
be mentioned that there are two true-positive case histories for
the 1901 Cheviot paleo-EQ scenario [two CPT case histories in
Fig. 5(c)] and three true-positive case histories for the initial deposit
scenario (two CPT case histories and one V case history) that are
located slightly above the CRR curve, close to the no liquefaction
region. While these case histories are considered as being correctly
predicted in this study (F'S < 1.0), they are likely within the level
of uncertainty of the simplified liquefaction procedure [i.e., the fac-
tor of safety (FS) of these case histories is only slightly below 1.0,
meaning that the probability of liquefaction is 16%—-20%, which is
well below the median P; = 50%].

Overall, correcting for aging effects for the Darfield case histor-
ies using the Cheviot paleo-EQ and initial deposit scenarios exac-
erbated the liquefaction assessment of the Darfield case histories
by increasing the number of mispredicted case histories, as shown
in Fig. 6. Some minor or moderate-to-severe liquefaction cases
that are correctly predicted when no-aging corrections are applied
move to the no-liquefaction region when aging corrections are
applied. Examining the age-corrected cases associated with the
two reference ages of Cheviot paleo-EQ and the initial deposit
in Figs. 5 and 6, it is observed that the initial deposit scenario
resulted in a higher error index and number of mispredicted case
histories in comparison with that of the Cheviot paleo-EQ scenario.
If it is assumed that the aging correction relationship is accurate,
which implies that the initial deposition time is unlikely to be the
true reference point for the age-estimation of the Darfield case
histories.

0.20 7
] Vs

01677 wcpr

% ]

Sopt+ - -

E

5 i

5 0087

(b)

Fig. 4. Evaluation of aging correction efficacy for liquefaction assessment of the Darfield earthquake using V, and CPT case histories and all the
paleo-EQs as the reference point: (a) number of mispredicted case histories; and (b) error index.
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Fig. 5. Uncorrected and age-corrected CPT and V liquefaction case histories for the Darfield earthquake analyzed using the Idriss and Boulanger
(2008) and Kayen et al. (2013) triggering procedures: (a) uncorrected data for CPT; (b) uncorrected data for V ; (c) age-corrected data for CPT based
on the 1901 Cheviot paleo-EQ; (d) age-corrected data for V; based on the 1901 Cheviot paleo-EQ; (e) age-corrected data for CPT based on the initial
deposit; and (f) age-corrected data for V based on the initial deposit.

Christchurch Earthquake Case Histories

The uncorrected and age-corrected liquefaction case histories for
the Christchurch earthquake are presented in Fig. 7. Plotted in
Figs. 7(a and b) are the uncorrected cases for the Christchurch case

© ASCE

histories resulting from the CPT and V, testing, respectively.
Initially, three scenarios were going to be used to estimate the
geotechnical age of soils for the Christchurch earthquake (Fig. 2).

However, because th

e initial deposit scenario for the Darfield

database led to the highest error index values and number of
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Fig. 6. Evaluation of aging correction efficacy for liquefaction assessment of the Darfield earthquake using V and CPT case histories: (a) number of

mispredicted case histories; and (b) error index.

mispredictions (Fig. 6), only the Darfield EQ and the 1901 Cheviot
paleo-EQ scenarios are considered as the reference points to esti-
mate the age of soils for the Christchurch earthquake case histories.
Therefore, the Christchurch case histories are corrected for aging
effects using these two scenarios in Figs. 7(c—f). The aging correc-
tions applied in Figs. 7(c and d) were estimated based on the
Darfield EQ scenario (age = 171 days and Kpr = 0.79) for all of
the case histories regardless of whether surface manifestations were
or were not observed at these sites. In Figs. 7(e and f), the ages of
the soil deposits were estimated based on the observed surficial
liquefaction manifestations at the respective case history sites fol-
lowing the Darfield earthquake. For sites with surficial liquefaction
manifestations, the age of the soil is set at 171 days based on the
Darfield EQ scenario. For sites in which no liquefaction manifes-
tations were observed, the Darfield earthquake may not have been
strong enough to trigger liquefaction and reset the aging clock of
the soils, so the age of soil deposits is estimated based on the 1901
Cheviot paleo-EQ scenario. Therefore, in this scenario, a combina-
tion of the Darfield EQ and Cheviot paleo-EQ scenarios are con-
sidered in determining the aging corrections. As with the Darfield
case histories, in which the application of the age-correction re-
sulted in a change in the predicted liquefaction response, the un-
corrected predicted liquefaction responses are shown by tails in
Figs. 7(c-1).

As shown in Figs. 7(c and d), aging corrections using the
Darfield EQ scenario resulted in one additional false-positive
(i.e., liquefaction is predicted, but no manifestations were ob-
served) and four additional true-positive (i.e., liquefaction is
predicted, and liquefaction manifestations were observed) predic-
tions, resulting in a net decrease of three mispredicted case histor-
ies. Similarly, for the combination of the Darfield and Cheviot
paleo-EQ scenarios in Figs. 7(e and f), aging corrections resulted
in one additional false-positive, and four additional true-positive
predictions, resulting in a net decrease of three mispredicted case
histories. The additional correct predictions are associated with
minor or moderate-to-severe liquefaction case histories moving just
above the triggering curve to the liquefaction region. A summary of
the error index values and number of mispredicted case histories for
the Christchurch database is provided in Fig. 8. As shown in this
figure, the number of mispredicted case histories and error index
values are the same for both aging correction scenarios. For the
combination of the Darfield and Cheviot paleo-EQ scenarios, two
of the true-positive liquefaction case histories are moved down and
located slightly above the CRR curve close to the no liquefaction
region, as illustrated in Figs. 7(e and f). While these two case his-
tories are considered correctly predicted in this study (F'S < 1.0),
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and as a result are not affecting the error index value of this sce-
nario, they are close to the CRR curve and within the level of un-
certainty of the simplified liquefaction procedure. This is important
to consider especially for the case history with the moderate-severe
surficial liquefaction in Fig. 7(f), which would generally be ex-
pected to plot further above the CRR curve. As shown in Fig. 8,
the error index values are slightly higher for the age-corrected case
histories compared to the uncorrected case histories. For the CPT
case histories, the error index value increased by the additional
false-positive case history that moved over the CRR curve after
aging corrections. For the V case histories, the error index values
increased due to the increase in the CSR values for the four false-
positive case histories, moving them further from the CRR line.

Overall, aging corrections improved the liquefaction assessment
of the Christchurch case histories. While the error index values are
slightly higher for the age-corrected case histories compared to the
uncorrected case histories, the number of mispredicted case histor-
ies are meaningfully reduced when aging corrections are applied,
as shown in Fig. 8. Comparing the number of mispredicted case
histories and error index values in Fig. 8, the Darfield EQ scenario
resulted in a slightly better performance than the combination of
the Darfield EQ and Cheviot paleo-EQ scenarios. This may indicate
that the Darfield EQ reset the aging clock for all sites regardless
of their surficial liquefaction manifestation, or it may reflect issues
with the liquefaction aging procedures for the Christchurch
earthquake.

Strong Motion Stations Case Histories during the
Christchurch Earthquake

As previously mentioned, the information from both surface man-
ifestations observed by the authors following the Christchurch
earthquake and the extensive database of ground motion records
for the Christchurch earthquake were used to determine the lique-
faction response for each case history. As shown in Table 2,
while the observed surficial liquefaction manifestations and char-
acteristics of recorded ground motions are consistent for most of
the SMSs case histories, there are three case histories (NNBS1,
NNBS2, and REHS) associated with two SMSs (NNBS and REHS)
in which no surficial liquefaction manifestations were observed, but
clear evidence of liquefaction, including a sharp reduction in the
amplitude of ground motion and the loss of high frequency content,
was observed in the ground motion records (Wotherspoon et al.
2013). These three case histories are denoted in Fig. 9. As an ex-
ample, the ground motion records for the PPHS and REHS SMSs
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Fig. 7. Uncorrected and age-corrected CPT and V| liquefaction case histories for the Christchurch earthquake analyzed using the Idriss and
Boulanger (2008) and Kayen et al. (2013) triggering procedures: (a) uncorrected data for CPT; (b) uncorrected data for V; (c) age-corrected data
for CPT based on the Darfield earthquake; (d) age-corrected data for V; based on the Darfield earthquake; (e) age-corrected data for CPT based on a
combination of the 1901 Cheviot paleo-EQ and Darfield EQ scenarios; and (f) age-corrected data for V; based on a combination of the 1901 Cheviot
paleo-EQ and Darfield EQ scenarios.

during the Christchurch earthquake are shown in Figs. 10(a and b), which implies that liquefaction was triggered at this location.
respectively. A sharp reduction in the amplitude and high- However, the record from the PPHS SMS [Fig. 10(a)] does not
frequency content of the ground motion record at the REHS SMS show any considerable change in the amplitude and frequency con-
is observed [Fig. 10(b)], especially in the latter part of this record, tent, implying that liquefaction was not triggered at that location.
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Fig. 9. Uncorrected and age-corrected CPT case histories for the SMSs in Christchurch earthquake analyzed using the Idriss and Boulanger (2008)
triggering procedure: (a) uncorrected case histories; and (b) age-corrected case histories.
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Fig. 10. Ground motion records recorded at the PPHS and REHS
SMSs during the Christchurch earthquake: (a) ground motion record
at the PPHS SMS showing no evidence of liquefaction; and (b) ground
motion record at the REHS SMS showing evidence of liquefaction.
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However, no surficial evidence of liquefaction was observed by the
authors at the REHS SMS site following the Christchurch event.
Therefore, even for cases in which no liquefaction manifestations
were observed at the ground surface, it is still possible that the
earthquake shaking reset the aging clock of the soil deposits or
at least removed a portion of the soil aging effects for earthquakes
having magnitudes larger than ~Mw 5 (Green and Bommer 2019),
and so this possibility should be considered in liquefaction aging
studies.

In Fig. 9, the uncorrected and age-corrected case histories for the
SMSs dataset are shown along with tails indicating the initial po-
sitions and movements of those case histories in which the aging
correction factor moved the case history across the CRR line result-
ing in a change in their liquefaction prediction. Plotted in Fig. 9(a)
are the uncorrected case histories for the CPT measurements, while
Fig. 9(b) contains the age-corrected case histories. The Darfield EQ
scenario is the only reference point used for the SMSs dataset be-
cause this reference point resulted in the lowest error index and
number of mispredicted case histories for the previous datasets.
As shown in Fig. 9(b), aging corrections moved all the case histor-
ies upward, toward the region of predicted liquefaction because the
age of soil deposits (171 days) is less than 23 years. Comparing the
uncorrected and age-corrected case histories for the SMSs dataset,
aging corrections resulted in four additional true-positive liquefac-
tion predictions in the SMSs dataset. Furthermore, there are two
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Fig. 11. Evaluation of aging correction efficacy for liquefaction assessment of the SMSs CPT case histories from the Christchurch earthquake:

(a) number of mispredicted case histories; and (b) error index.

more false-negative case histories, which are located very close to
the region of the predicted liquefaction, as shown in Fig. 9(b).
While these points are considered as being mispredicted in this
study, they are within the uncertainty range of the simplified lique-
faction procedure. The number of mispredicted cases and error
index values for the uncorrected and age-corrected case histories
are presented in Fig. 11. The error index value for the case histories
is significantly reduced from 0.187 to 0.087, and there is a total of
four fewer mispredicted case histories.

Overall, aging corrections meaningfully improved the liquefac-
tion assessment of the SMSs case histories by reducing the number
of mispredicted case histories and error index values, as shown in
Figs. 9 and 11.

Comparison of Aging Correction Efficacy for
Darfield, Christchurch, and SMSs Case Histories

Aging corrections were applied to the three liquefaction databases:
Darfield, Christchurch, and SMSs. The geological age of the soil
deposits in all these databases is Holocene. However, the geotech-
nical age of the soil deposits was quite different during the Darfield
and Christchurch earthquakes. The geotechnical age, defined as
the time elapsed since the last critical disturbance, of the soil de-
posits during the Darfield earthquake is relatively old (i.e., much
greater than the reference age), while the soil deposits during the
Christchurch earthquake are very young (i.e., much less than the
reference age). The results of the aging corrections show that they
improved the liquefaction assessment of the Christchurch and
SMSs databases (both very young deposits), while their application
exacerbated the liquefaction assessment of the Darfield database
(relatively old deposits). This exacerbation of the liquefaction as-
sessment of relatively old deposits could be due to the complexities
and uncertainties involved in estimating aging effects of relatively
old deposits. This issue is also evident in the aging correction fac-
tors proposed in the literature because these correction factors were
mostly developed based on very young Holocene soil deposits. For
example, Hayati and Andrus (2009) developed their aging correc-
tion factor using 24 case histories, 14 of which had a geotechnical
age less than 20 years and the rest had geotechnical ages ranging
between 70 and 35,000,000 years. Therefore, the efficacy of aging
correction is questionable for the liquefaction assessment of rela-
tively old soil deposits. However, it should be noted that some
of the mispredicted liquefaction case histories from the Darfield
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dataset may have been caused by the uncertainty regarding the
age estimation of each case history because different case histories
may have had different geotechnical ages during the Darfield earth-
quake (i.e., one of the case history sites may have liquefied in one
of the paleo-EQ events, while the others did not liquefy during that
same earthquake). Additionally, the five false-positive predictions
from the uncorrected Darfield database [shown in Figs. 5(a and b)]
may be related to partial saturation issues (e.g., McLaughlin 2017)
because the critical layers for some of these case histories are very
near to the ground surface, but below the water table, making the
liquefaction assessment of these deposits potentially ambiguous.
An overestimation of liquefaction potential will result if the soil
is assumed to be fully saturated, when in reality, it is only partially
saturated, as is sometimes the case for strata within the depth range
of water table fluctuation (Ishihara and Tsukamoto 2004; Ishihara
et al. 2004). In such cases, false-positive predictions may result.
Overall, aging corrections improved the liquefaction assessment
of the Christchurch and SMSs databases, which contain very young
soil deposits (171 days). These databases consist of many sites that
recently liquefied during the Darfield event. For the Christchurch
database, the lowest error index value and number of mispredic-
tions were obtained using the Darfield EQ as the reference point
for the geotechnical age estimation of all sites regardless of whether
or not surficial liquefaction manifestations were observed. This
may suggest that the Darfield earthquake likely removed some por-
tion of the soil aging effects for most of the sites with no surficial
liquefaction manifestation. If so, the shaking during the event dis-
rupted the soil fabric of the deposits, despite the absence of surficial
liquefaction manifestations, thus causing a significant reduction in
the CRR of the soil deposits in the next earthquake. Following this
same line of reasoning, most of the soils would have behaved
like very young soil deposits during the Mw 6.2 Christchurch
earthquake.

Examining the age-corrected case histories from the Christ-
church and SMSs databases in Figs. 7 and 9, most of the improve-
ments in predictions due to age-corrections are related to case
histories that experienced moderate-to-severe liquefaction in the
Darfield earthquake and minor liquefaction in the Christchurch
earthquake. This trend is also noted by Maurer et al. (2014). All the
case histories that experienced moderate-to-severe liquefaction in
the Darfield earthquake and minor liquefaction in the Christchurch
earthquake are plotted in Fig. 12. These case histories are valuable
for assessing the efficacy of the aging corrections because the
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Fig. 12. Uncorrected and age-corrected case histories that experienced moderate-to-severe liquefaction during the Darfield earthquake and minor
liquefaction during the Christchurch earthquake: (a) CPT case histories analyzed using the Idriss and Boulanger (2008) triggering procedure; and
(b) V case histories analyzed using the Kayen et al. (2013) triggering procedure.

moderate-to-severe liquefaction that occurred at these sites during
the Darfield earthquake resulted in a complete or near complete loss
of aging effects in the soil deposits, and as a result, the geotechnical
age of the deposits is relatively well established with a relative
uncertainty. During the Christchurch earthquake, these sites only
experienced minor liquefaction, and as a result, it would be ex-
pected that aging effects will potentially influence the predicted
liquefaction response of the sites (i.e., the site is predicted to liquefy
versus not liquefy). As shown in Fig. 12, the uncorrected case
histories plot close to the CRR triggering curve, with several of
the cases being false-negatives. However, when the aging effects
are considered, these cases become true-positives, giving credence
to the aging correction factors. In contrast, sites that experienced
moderate-to-severe liquefaction during the Christchurch earth-
quake would likely have true-positive predictions, regardless of
whether the aging correction factors are applied or not. As a result,
their value in assessing the efficacy of the aging correction factors
is limited.

Conclusion

Aging corrections were applied to 58 high-quality liquefaction case
histories from the Mw 7.1, September 4, 2010, Darfield and the Mw
6.2, February 22, 2011, Christchurch earthquakes to investigate
the efficacy of the current liquefaction aging correction procedures.
It was determined that the current geological age classification,
which is commonly used in geotechnical studies, is insufficient for
liquefaction aging investigations. On the other hand, the geotech-
nical age, which is defined as the time elapsed since the last critical
disturbance, seems to be more important for liquefaction aging
studies than the geological age. According to the results of the
current study, the last critical disturbance and the severity of the
liquefaction that occurred during that event are important factors
influencing soil aging effects. These factors need to be considered
in soil aging studies.

The aging correction factors were determined to exacerbate the
liquefaction assessment of relatively old soil deposits, increasing
the number of mispredictions and error index. Because the mech-
anisms underlying soil aging are not well understood and uncer-
tainties involved in the estimation of soil aging effects increase
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significantly as deposits age over time, it is difficult to account
for aging effects of relatively old soil deposits. Additionally, the
lack of reliable case histories for relatively old soil deposits im-
pedes the development of accurate age-correction relationships. On
the other hand, correcting for aging considerably improved the
liquefaction assessment of sites with very young geotechnical ages,
i.e., sites that had experienced shaking from two strong earthquakes
in a short period of time in which moderate-to-severe liquefaction
was triggered in the first event. For these cases, the occurrence of
liquefaction during the first event removed the effect of aging, re-
sulting in a geotechnically young deposit with a well-established
geotechnical age.

It is important to consider the possibility that the aging clock of
the soil deposit can be reset to zero even for cases in which no
surficial liquefaction manifestation was observed (see SMSs case
histories). This would be the case for sites in which liquefaction is
triggered at depth but does not manifest at the ground surface.

Overall, the cautious use of aging correction is advised for the
liquefaction assessment of aged soil deposits due to the inherent
complexities of the aging process for relatively old soil deposits
(greater than ~62-580 years) and the lack of reliable information
regarding aging effects of relatively old soil deposits.
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