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ABSTRACT

Case histories are central to developing liquefaction triggering curves. Interpreting case histories is
inherently a forensic study where the researcher evaluates ground response during the causative
earthquake using limited evidence collected after the event. For most cases, the evidence is limited
to observations of surficial manifestations of liquefaction and in-situ test data. Based on this
information, sites are classified as either “liquefied” or “not liquefied,” and a “critical layer” is
selected. This paper reviews the standard practice for interpreting liquefaction case histories, and
proposes interpretation guidelines that are based on consistency between the mode and severity of
observed surficial manifestations and characteristics of the assumed critical layer. Two field case
histories are used to illustrate the authors’ proposed guidelines for interpreting near level-ground
triggering case histories, one from a modern earthquake and one from a paleoearthquake.

Introduction

In the broadest sense, a liquefaction triggering case history entails both “response” and
“demand” components (e.g., post-event field observations and the associated seismic loading).
Key to interpreting response for level- or mildly sloping-ground sites is characterizing the
relevant soil properties. However, most often, the soil profile and corresponding properties are
determined after the earthquake; and the seismic loading is estimated, rather than recorded, at the
case history site. Also, only post-event observations at a given point in time are available for
most cases, rather than a detailed description of response from the start of shaking to the end of
deformations. Furthermore, most of the observations are of surface manifestations, not of the
subgrade soil response. As a result, interpreting these field observations inherently involves a
forensic analysis that requires considerable judgment. Not surprisingly, experienced investigators
often produce differing interpretations from the same field observations. Regardless, the general
consensus among the profession is that well-documented “case histories” are highly valuable.

In reviewing liquefaction triggering case history databases, several issues regarding how case
histories were interpreted by various investigators emerge, including: (1) classification of
“liquefied,” “not liquefied,” or “marginally liquefied” (i.e., “yes,” “no,” or “yes/no” cases,
respectively); (2) selection of the “critical layer” (defined in detail subsequently) and its
representative properties; (3) interdependence in the case histories; and (4) determination of the

seismic demand. This paper focuses on the selection of the “critical layer” and its representative
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properties, which ultimately results in a data point that is used to develop level-ground
liquefaction triggering curves, or cyclic resistance ratio (CRR) curves, which are empirical
correlations relating soil liquefaction resistance to an in-situ test index (e.g., normalized standard
penetration test blow count, cone penetration test tip resistance, or small strain shear wave
velocity) (e.g., Whitman, 1971; Seed and Idriss, 1971).

In this paper, the authors first discuss background information on how the critical layers and
representative properties were determined for cases in assembled databases. This is followed by
guidelines proposed by the authors for interpreting case histories. Finally, two case histories are
presented that illustrate the implementation of the authors’ proposed guidelines.

Background

One of the first, if not the first, liquefaction triggering case history databases was assembled by
Whitman (1971), which consisted of 13 different cases from 8 different earthquakes in Japan,
Chile, U.S., Mexico, and the Philippines. Shortly thereafter, a larger database was assembled by
Seed and Idriss (1971), which consisted of 35 cases from 12 earthquakes in Japan, U.S., and
Chile. Among other descriptions of the compiled cases, both Whitman (1971) and Seed and
Idriss (1971) listed the representative standard penetration test (SPT) N-values for the “critical
layers.” Although neither study gave an explicit definition of what the “critical layer” is, both
studies inherently implied that the critical layer in the profile is the layer that liquefied for a
“yes” cases. As a corollary, it is assumed that for the “no” cases, the critical layer is the layer that
would have liquefied had the intensity of shaking been higher. Seed and Idriss (1971) did not
state how they determined the specific critical layers, and Whitman (1971) gave only very
limited insight in this regard: “Various indicators of the critical depth were used: any evidence of
the actual depth of liquefaction, the bottom of a shallow depth of granular material, and the
depth of any sharp increase in penetration resistance.” In both studies, it is clear that a great deal
of judgment was used to select critical layers.

The Whitman (1971) and Seed and Idriss (1971) databases set the stage for subsequent
databases. In many of these, multiple critical layers were selected from a single boring/sounding
(e.g., Yegian and Vitelli, 1981; Tokimatsu and Yoshimi, 1983; Seed et al., 1984; Stark and
Olson, 1995), yielding multiple data points for a given profile and causative earthquake that were
then used to develop CRR curves. However, this practice generally has been avoided in more
recent databases, where the “weakest-link-in-the-chain” concept has been used to select a single
critical layer in a profile (e.g., Cetin et al., 2000; Moss, 2003; Idriss and Boulanger, 2008; Kayen
et al., 2013; Boulanger and Idriss, 2014). For “yes” cases, the critical layer has sometimes been
selected by comparing soil ejecta from surficial liquefaction manifestations to samples obtained
from borings, when such data is available (e.g., Liao and Whitman, 1986; Green et al., 2011).
However, such data is not available for most cases, and even when it is available, it is possible
that the surface ejecta includes soil from both the liquefied stratum and overlying strata, as a
result of the liquefied soil entraining material from overlying strata as it flows from the critical
layer to the ground surface. An extreme example of this phenomenon occurred during the 1995
Kobe, Japan, earthquake where a soil stratum underlying a municipal solid waste dump liquefied.
The resulting surface ejecta included soil from the critical layer and municipal solid waste that
was carried to the surface by the liquefied soil (Bray, 2011).



For “no” cases, no soil ejecta is present, so comparing soil ejecta to boring samples is not an
option for selecting the critical layer. Accordingly, for “no” cases, as well as “yes” cases where
no information about the surface ejecta is available, critical layers typically are selected solely
based on in-situ test data. However, investigators rarely describe the criteria used to select the
critical layers for these cases. The few studies that do provide such details typically use existing
CRR curves to evaluate liquefaction potential throughout the profile and the critical layer is
defined as the layer with the lowest factor of safety against liquefaction, FSy;q (e.g., Moss et al.,
2006; Kayen et al., 2013). In short, there is little to no consistency in how critical layers were
selected among available case history databases, and the interpretation of many case histories
may be biased due to the use of existing triggering curves to select the critical layers.

Once a critical layer is selected, representative soil properties of the layer must be defined, and
often are expressed in terms of in-situ index test values. For the stress-based simplified
procedure, soil properties for each case history are represented by a single, normalized in-situ
index test value (e.g., SPT blow count corrected for hammer energy, effective confining stress,
sampler configuration, rod length, borehole diameter, and soil fines content). When multiple in-
situ index test values were measured in the critical layer (within a single boring/sounding or from
multiple borings/soundings), judgment is required to select a representative value. For example,
Liao and Whitman (1986) selected the lowest index test value measured in the critical layer as
the representative value. In contrast, other studies averaged in-situ index test values to define a
representative value (e.g., Cetin, 2000; Idriss and Boulanger, 2008). However, with this latter
approach, the representative index test value can differ depending on whether the index test
values are averaged first and then corrections are applied, or the corrections are applied to the
individual values first and then the corrected values are averaged. The differences can be
particularly significant for soils with high fines contents. Also, when an average index test value
is selected as representative, the selected thickness of the critical layer becomes important
because the measured index test values often vary with depth in a given stratum (e.g., Green et
al., 2014; Boulanger and Idriss, 2014).

Proposed Approach to Selecting Critical Layers

The geologic setting often significantly influences the mode and severity of liquefaction
manifestations (Youd, 1984), as local variability in sand properties largely depends on geologic
setting. For example, hydraulic fracturing may occur as a result of liquefaction of a localized
body of susceptible sand. However, major lateral spreading (i.e., displacement >1 m extending
several tens of meters back from a free face) requires liquefaction to occur in a continuous,
laterally-extensive stratum. Additionally, a highly variable or discontinuous profile (especially
laterally) in proximity to a surficial fine-grained cap can introduce uncertainty in assessing which
sand stratum actually liquefied. In turn, this scenario makes it virtually impossible to interpret a
representative index test value. Braid-bar deposits — commonplace along rivers or abandoned
river channels — are especially prone to this problem. In contrast, point-bar deposits are often
relatively uniform for large distances (hundreds of meters laterally). As a result, the geologic
setting, in conjunction with the severity of surficial liquefaction manifestations, must be
considered when interpreting liquefaction case histories. Additionally, the depth, thickness, and
density of the selected critical layer must be consistent with the observed liquefaction response.



Olson et al. (2005) and Green et al. (2005) proposed a set of guidelines for interpreting
paleoliquefaction sites in the Central U.S. The guidelines proposed here are intended for
interpreting modern liquefaction case histories. Integral to these guidelines is classifying the
severity of the surficial liquefaction manifestations beyond just “yes” or “no.” Classes of
liquefaction severity are “No Liquefaction,” “Minor Liquefaction,” “Moderate Liquefaction,”
“Severe Liquefaction,” “Lateral Spreading,” and “Severe Lateral Spreading.” Table 1 provides
quantitative metrics for each severity class proposed by Maurer et al. (2014) and used herein.

Table 1. Liquefaction severity classification criteria (Maurer et al., 2014).

Classification Criteria

No Liquefaction No surficial liquefaction manifestation or lateral spread cracking

Marginal Liquefaction

Small, isolated liquefaction features; streets had traces of ejecta or wet patches
less than a vehicle width; < 5% of ground surface covered by ejecta

Moderate Liquefaction

Groups of liquefaction features; streets had ejecta patches greater than a vehicle
width but were still passable; 5-40% of ground surface covered by ejecta

Severe Liquefaction

Large masses of adjoining liquefaction features, streets impassable due to
liquefaction, >40% of ground surface covered by ejecta

Lateral Spreading

Lateral spread cracks were predominant manifestation and damage mechanism,
but crack displacements < 200 mm

Severe Lateral Extensive lateral spreading and/or large open cracks extending across the
Spreading ground surface with > 200 mm crack displacement
Guidelines
1. Severe surficial liquefaction manifestation (e.g., extensive ground cracking and

massive sand boils on the ground surface) requires a relatively thick, loose
liquefiable stratum. The deeper the stratum, the thicker the layer must be for these
features to manifest at the ground surface.

Moderate surficial liquefaction manifestation (e.g., moderate-sized ground cracking
and moderate-sized sand boils on the ground surface) can result from a slightly
thinner, slightly denser, and/or slightly deeper liquefiable stratum compared to
severe manifestations.

Minor surficial liquefaction manifestation (e.g., limited ground cracking, limited
surface ejecta, and/or limited water seepage at the ground surface) can result from:
(1) arelatively loose, thin, deep layer severely liquefying; (2) a loose to medium
dense, thick, shallow layer that generates large excess pore pressures but does not
liquety; or (3) a relatively dense, thick, shallow layer marginally liquefying. For
these cases, the thickness of a loose stratum must increase as its depth below grade
increases, or the density of a medium-dense stratum must decrease as its depth
increases. Additionally, the surficial liquefaction manifestation can be significantly
influenced by the characteristics of the non-liquefied strata in the profile and thus
needs to be considered.

The critical layer associated with lateral spreading can be relatively thin, but its
thickness must increase and/or density decrease as the volume surface ejecta or
lateral spreading displacement increases. However, selection of the critical layer



should also consider the surface slope, free-face height, and lateral continuity of the
liquefiable stratum relative to the lateral spread area.

The above guidelines do not explicitly consider variations of induced seismic stress with depth,
although this is indirectly considered in selecting the critical layer. To assess the influence of
seismic stress variations, the FSyq should be computed using various liquefaction evaluation
procedures to determine if there are any credible alternative critical layers. If alternatives are
present, judgment must be used to select an appropriate critical layer. However, this is a
secondary step, and the authors consider it different from using a particular liquefaction
evaluation procedure to select case history critical layers, and then using the same case histories
to validate the predictive capabilities of the same liquefaction evaluation procedure (or to
invalidate the predictive capabilities of another liquefaction evaluation procedure). Below, two
sites are detailed to illustrate the implementation of the proposed guidelines.

Example Case History Interpretations

The first example involves a site that was subjected to multiple earthquakes during the 2010-
2011 Canterbury, New Zealand, Earthquake Sequence (CES). However, the authors focus on two
episodes of shaking: the 2010 (M, 7.1) Darfield and 2011 (M6.2) Christchurch earthquakes.
The site, designated as KAN-26, is located in a park along the Kaiapoi River in North Kaiapoi.
Moderate surficial liquefaction manifestations formed during the Darfield earthquake, while
minor surficial liquefaction manifestations formed during the Christchurch earthquake. Despite
its proximity to the Kaiapoi River, there was no evidence of lateral spreading at this site,
although severe lateral spreading occurred along other stretches of the river banks, including the
river bank opposite to this site. Figure 1 presents profiles of cone penetration test (CPT) q., Ry,
I., and D, for KAN-26. The critical layers selected for the Darfield and Christchurch earthquakes
are superimposed on the plots. The representative normalized penetration resistance (qcines) for
the critical layer for the Darfield earthquake is 103.0 atm (Idriss and Boulanger 2008 procedure),
while qcines = 59.7 atm for the Christchurch earthquake. As discussed by Green et al. (2014), in
computing the representative q.ines values, corrections were applied to the measured values and
the corrected values were then averaged. This approach is more correct technically than the
averaging the measured values and then applying corrections to the averaged values.

As shown in Figure 1, different critical layers were selected for the two earthquakes to maintain
consistency among the depth-thickness-density of the critical layers and the severity of
liquefaction surface manifestations observed for each earthquake. The relatively loose and thin
upper critical layer has a depth-thickness-density combination that is consistent with the minor
surface manifestations observed during the Christchurch earthquake. Because it is relatively thin,
it is doubtful that this layer could produce surface manifestations more severe than minor, in the
absence of lateral spreading. As such, the more severe manifestations associated with the
Darfield earthquake required the thicker (although deeper) critical layer identified in Figure 1.

This two-critical-layer interpretation also is supported by field observations. Ejecta associated
with minor surface manifestations formed during the Christchurch earthquake were brown in
color, which is evidence of oxidation and the development of iron oxide by-products resulting
from exposure to oxygen via a fluctuating shallow groundwater table or from being a fill



material — both consistent with a shallow layer. (This layer was later confirmed as a layer of fill.)
In contrast, the moderate liquefaction surface manifestations that formed during the Darfield
earthquake included both brown and blue-gray sand ejecta, with the blue-gray sand remaining in
a reducing atmosphere, sealed from oxygen by being below the groundwater table continuously,
consistent with a deeper layer. For the KAN-26 site, simply selecting a critical layer based on the
lowest penetration resistance or the lowest computed factor of safety against liquefaction,
without considering the severity of surficial liquefaction manifestations, would have resulted in
selecting only one critical layer (i.e., the relatively thin critical near-surface layer selected for the
Christchurch earthquake) and an incomplete or even incorrect interpretation.
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Figure 1. Measured CPT tip resistance (g.), friction ratio (Ry), soil behavior type index (/..), and
estimated relative densities (D,) with depth for Site KAN-26 with superimposed critical layers.

The second example involves a site located in the Wabash Valley region of the central U.S. that
was subjected to shaking during a paleoearthquake that occurred ~6100 yr BP. The site,
designated as Peankishaw Bend (PB), is located along a 4+ km-long bank exposure along the
Wabash River that is at least 5 m high everywhere. Figure 2 shows a vertical section of the site,
soil strata, boring locations and SPT blow counts, and ground surface and groundwater table
elevations at the time of the earthquake (~6,100 yr BP). The bank at the site is cleanly scoured by
annual flooding, allowing numerous opportunities to examine the deposits for liquefaction
effects (Obermeier, 2004). Two dikes that resulted from lateral spreading were observed at the
site, one 0.15 m wide and the other 0.7 m wide. Aerial photos show that all granular deposits at
the site were laid down as point-bar deposits, while the river was operating in a meandering
mode (Obermeier et al., 1993). The plan-view pattern of scroll bars indicates that the ages of
these deposits increases northward. Considering the deposit ages and field geologic
interpretations, Obermeier (2004) hypothesized that lateral spreading developed by movement of
a block of sediment, extending from the 0.7 m wide dike and going southward at least 75 m.

As shown in Figure 2, boring B2 is located near the 0.7 m-wide dike and boring B1 1is located
near the 0.15 m-wide dike. A considerable quantity of gravel was vented to the ground surface at



the location of the 0.7 m wide dike. Field observations over a number of years revealed that none
of the strata above the groundwater table (ATE) had liquefied (Obermeier, 2004). Therefore the
only plausible source stratum is the thick sand layer at a depth of about 5.2 m from the current
ground surface. Olson et al. (2005) selected a representative index test value as the lowest value
that is common among borings performed along the length of the lateral spread. Considering the
SPT blow counts shown in Figure 2 (corrected and normalized per Youd et al. 2001), Olson et al.
(2005) selected a representative SPT blow count of N = 20 (N 60cs = 21.5), at a depth of 8.5 m
from the current ground surface (which corresponds to a depth of ~6.1 m from the ground
surface at the time of the earthquake).

For the PB site, a single boring performed adjacent to the largest dike likely would have resulted
in selecting N = 7 to 11 as the representative value for the critical layer (i.e., Boring B2 in Figure
2, depth of ~6.5 to 7.5 m from the current ground surface). However, the mode and severity of
liquefaction (severe lateral spreading) required that the critical layer have significant lateral
continuity. Taking this into consideration resulted in a very different interpretation of the case
history, which was supported further by observations of the profile in sectional view — a rarity
for modern liquefaction case histories.
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Figure 2. Representative vertical section of Site PB (adapted from Pond and Martin, 1996).
Conclusions

There is little consistency in how critical layers were selected for the compiled liquefaction case
histories in existing databases, and the interpretation of many these case histories may be biased
due to the use of existing triggering curves to select the critical layers. In this paper, the authors
propose guidelines for interpreting liquefaction case histories that are based on consistency
between the mode and severity of observed surficial manifestations and the characteristics of the
identified critical layer. Two field case histories are used to illustrate the authors’ proposed



guidelines. One of the case histories is of a site subject to multiple earthquakes during the 2010-
2011 Canterbury, New Zealand, Earthquake Sequence. For this site, two different critical layers
were selected: one for the 2010 Darfield earthquake, and one for the 2011 Christchurch
earthquake. This two-critical-layer hypothesis was based on the characteristics of the layers and
the severity of the surficial liquefaction manifestations. This hypothesis was validated by
considering the characteristics of the liquefaction ejecta from the two events. The second case
history is of a site that experienced severe lateral spreading during a paleoearthquake that
occurred in the Wabash Valley of the central U.S. Here, the selected critical layer and
representative in-situ index test value would have been very different if the mode and severity of
liquefaction manifestation were not considered. Because the site is located adjacent to a river and
the bank at the site was cleanly scoured by annual flooding, the site could be examined in
sectional view numerous times over many years, with observations further supporting the
authors’ interpretation of this case history.
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