
 

What is the Smallest Earthquake Magnitude 1 

that Needs to be Considered in Assessing 2 

Liquefaction Hazard?  3 

Russell A. Green,a) M.EERI, and Julian J. Bommer,b) M.EERI 4 

Probabilistic assessments of the potential impact of earthquakes on the 5 

infrastructure entails the consideration of smaller magnitude events than those 6 

generally considered in deterministic hazard and risk assessments. In this context, 7 

it is useful to establish if there is a magnitude threshold below which the possibility 8 

of triggering liquefaction can be discounted because such a lower bound is required 9 

for probabilistic liquefaction hazard analyses. Based on field observations and a 10 

simple parametric study, we conclude that earthquakes as small as moment 11 

magnitude 4.5 can trigger liquefaction in extremely susceptible soil deposits. 12 

However, for soil profiles that are suitable for building structures, the minimum 13 

earthquake magnitude for the triggering of liquefaction is about 5. We therefore 14 

propose that in liquefaction hazard assessments of building sites magnitude 5.0 be 15 

adopted as the minimum earthquake size considered, while magnitudes as low as 16 

4.5 may be appropriate for some other types of infrastructure.  17 

INTRODUCTION 18 

Although an almost negligible contributor to earthquake fatalities, liquefaction triggering 19 

is an important threat to the built environment and in particular to infrastructure and lifelines 20 

(e.g., Bird and Bommer 2004; Hakuno 2004). The question of the smallest earthquake 21 

magnitude that can lead to liquefaction triggering in saturated sand deposits arises because of 22 

two factors. One is the growing concerns regarding induced earthquakes resulting from human 23 

activities such as hydrocarbon production, hydraulic fracturing and wastewater injection 24 

(Davies et al. 2013, Mitchell and Green 2017). Since induced earthquakes often occur in 25 

regions of low tectonic seismicity and are viewed as an imposed rather than natural hazard, 26 

attention to such events is often focused on magnitudes (in the range from 3 to 5) that are 27 
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smaller than those generally given attention in conventional earthquake engineering. For small-28 

to-moderate magnitude induced and triggered earthquakes, ground shaking will clearly be of 29 

concern both as a source of disturbance to the exposed population as well as a potential cause 30 

of damage to buildings that may have been constructed without consideration of seismic 31 

loading. A comprehensive induced seismic risk assessment might also consider other 32 

earthquake hazards although some of these—such as tsunami and probably also surface 33 

rupture—could be easily screened out. Collateral geotechnical hazards are likely to require 34 

quantitative evaluation unless, at least for liquefaction, a clearly established minimum 35 

magnitude threshold existed, in which case it would be possible to discard this hazard from 36 

risk estimations.  37 

Another motivation for exploring the lower magnitude limit associated with liquefaction 38 

triggering is for probabilistic liquefaction hazard analysis (PLHA) (e.g., Kramer and Mayfield 39 

2007), for which a lower limit is required in the same way as for probabilistic seismic hazard 40 

analysis (PSHA). More than three decades ago, in the very first issue of this journal, Atkinson 41 

et al. (1984) presented a simplified approach to PLHA, stating that “since earthquakes of 42 

magnitude less than 5 are not of sufficient duration to cause liquefaction, M5 is the lowest 43 

magnitude which contributes to the probability of liquefaction,” although the technical basis 44 

for this claim is not presented.  Goda et al. (2011) showed that using a lower bound magnitude 45 

of 4.5, versus 5.0, does influence the computed return period of liquefaction for sites where the 46 

seismic hazard is dominated by lower magnitude events. While Goda et al. (2011) only 47 

considered tectonic earthquakes in their study, the finding seemingly applies to both tectonic 48 

and induced seismicity. Herein, we aim to explore the issue of what is an appropriate lower 49 

bound magnitude for evaluating the risk from liquefaction triggering. We begin with a brief 50 

discussion of the concept of minimum magnitude as it applies in PSHA and its definition in 51 

the framework of PLHA. This is followed by a critical review of field reports of liquefaction 52 

due to small earthquakes, after which we present a simplified parametric study aimed at 53 

estimating the smallest magnitudes capable of triggered liquefaction in two idealized soil 54 

profiles, one we characterize as being “extremely susceptible” to liquefaction and the other as 55 

“very susceptible” to liquefaction. The paper concludes with our interpretation of the field data 56 

and parametric study results to propose a lower bound of earthquake magnitude for the 57 

assessment of liquefaction hazard to the built environment.  58 



 

THE CONCEPT OF MINIMUM MAGNITUDE AND LIQUEFACTION 59 

The concept of the minimum magnitude, Mmin, defined for PSHA integrations is a topic of 60 

some confusion in the field of engineering seismology, a situation that may have arisen because 61 

it is a parameter often viewed through the lens of seismic hazard whereas in fact it is related to 62 

seismic risk. Bommer and Crowley (2017) proposed a definition of Mmin as the lower limit of 63 

integration over earthquake magnitudes such that using a smaller value would not alter the 64 

estimated risk to the exposure under consideration. The imposition of an Mmin value will, 65 

however, generally modify the estimate of the ground shaking hazard, particularly for spectral 66 

accelerations at shorter oscillator periods and at higher annual frequencies of exceedance. The 67 

point is that the hazard contributions from smaller magnitude events are associated with ground 68 

motions insufficiently energetic to cause damage to the structures for which the hazard is being 69 

estimated and therefore the reduction of the hazard by removal of these events has no impact 70 

on the estimated risk (apart from rendering its calculation more efficient). Following from this 71 

definition, it is immediately clear that Mmin may vary with different applications of PSHA 72 

results: a value of M 5 may be appropriate for defining the seismic design loads for a nuclear 73 

power plant, whereas a smaller value may be more fitting for the assessment of seismic risk 74 

due to induced earthquakes in a region of unreinforced masonry dwellings.  75 

The definition of Mmin in PSHA can be directly translated to PLHA by analogy, if the ‘risk’ 76 

is now considered to be the severity or damage potential of soil liquefaction rather than 77 

structural damage, which would be a common measure in seismic risk estimation. The role of 78 

fragility functions in seismic risk analysis is now replaced by the susceptibility of the soil 79 

profiles to liquefaction. For the purpose of addressing the question posed in the title of this 80 

paper, the ‘fragility’ (liquefaction susceptibility) of a site needs to be defined. As is discussed 81 

in the following sections of the paper, the question can be posed in two ways, the first being 82 

what is the smallest magnitude of earthquake that can trigger liquefaction in any soil profile? 83 

A second, and more pertinent, question from an engineering perspective is: what is the smallest 84 

magnitude of earthquake that can trigger liquefaction in a soil profile that is sufficiently 85 

competent to support infrastructure? The answer to the latter question is of greater importance.  86 

Before closing this brief discussion of Mmin in the context of liquefaction hazard analysis, 87 

one might ask whether it would not be more appropriate to define the minimum level of ground 88 

shaking that might trigger liquefaction. In the context of PSHA, the question is very pertinent 89 

and is the reason why alternative approaches to the use of sharp cut-off on magnitudes, 90 



 

regardless of source-to-site distance and other considerations, are employed (e.g., screening 91 

criteria based on levels of Cumulative Absolute Velocity, CAV; EPRI 2006). However, for the 92 

case of liquefaction triggering, this is controlled by both the amplitude (most usually peak 93 

ground acceleration, PGA) and the duration (or number of cycles of motion) simultaneously. 94 

Therefore, for earthquakes occurring at short distances from the site of interest, the magnitude 95 

is potentially a good indicator of the capacity of the motion to trigger liquefaction since both 96 

PGA and duration depend on magnitude—and display inverse dependence on distance (Lasley 97 

et al. 2017). Moreover, residuals of PGA and duration with respect to median predictions from 98 

ground-motion prediction equations (GMPEs) are found to be negatively correlated (Bradley 99 

2011). Studies that have focused on thresholds of PGA for liquefaction triggering have 100 

normalized the peak acceleration values to a common reference magnitude precisely to account 101 

for the influence of duration (Santucci de Magistris et al. 2013). Absolute minimum PGA 102 

thresholds for liquefaction could be defined on the basis of lower amplitudes of motion being 103 

incapable of inducing sufficient strain to generate excess pore water pressure in the soil, which 104 

is requisite for liquefaction triggering (Dobry et al. 1982, Rodriguez-Arriaga and Green 2018) 105 

but to use such an approach for screening of liquefaction hazard would require estimation of 106 

PGA values, with the attendant difficulties of extrapolating empirical GMPEs to smaller 107 

magnitudes (e.g., Bommer et al. 2007). For PLHA, there may be benefits of defining a lower 108 

bound for hazard contributions based on a ground-motion parameter, or vector of parameters, 109 

but CAV may not be the most suitable metric for this purpose—indeed, its relevance to 110 

structural damage has been questioned for some building types (Campbell and Bozorgnia 111 

2012). As a starting point, however, minimum magnitude is potentially an effective lower 112 

bound for PLHA, and it is clearly a convenient criterion for determining whether liquefaction 113 

hazard requires consideration when assessing the impact of induced earthquakes.  114 

Regarding established threshold ground motion and magnitude criteria below which 115 

liquefaction evaluations are not required, it is worth briefly summarizing some of the criteria 116 

specified in United States (US) design codes ASCE 7-16 (ASCE 2017) and AASHTO (2014). 117 

ASCE 7-16 does not require liquefaction, or other potential geologic and seismic hazards, to 118 

be evaluated for Seismic Design Categories (SDC) A and B structures, where SDC is a function 119 

of both the design ground motions and the Risk Category of the structure. In general, for Risk 120 

Category II structures, which encompasses “typical” structures (i.e., non-essential facilities that 121 

neither pose a “low” nor a “substantial” risk to human life in the event of their failure), SDC 122 

A and B classification is based on the amplitudes of the spectral accelerations of the design 123 



 

ground motions for both 0.2-s and 1.0-s oscillator periods (i.e., SDS and SD1, respectively). 124 

These dual criteria inherently encompass both the PGA and duration of the design motions that 125 

influence the triggering of liquefaction because, in general, SDS strongly correlates with PGA 126 

and SD1 strongly correlates with magnitude, which in turn strongly correlates with ground-127 

motion duration. This is illustrated in Figure 1 which shows PGA and the spectral accelerations 128 

for 0.2-s and 1.0-s oscillator periods (Ss and S1, respectively) as a function of earthquake 129 

magnitude for motions recorded by the Guerrero accelerograph array in Mexico in 1985 and 130 

1986. All the stations were on hard rock and all the events have epicenters about 25 km from 131 

the station (Anderson and Quass 1988). As may be observed from this figure, both PGA and 132 

Ss have similar correlations with magnitude (as indicated by similarity in the slopes of lines 133 

formed by the data points) and their correlation with magnitude is not as strong as the 134 

correlation between S1 and magnitude. Similar to ASCE 7-16, AASHTO (2014) does not 135 

require liquefaction evaluations to be performed for highway bridge sites that are categorized 136 

as SDC A or B (Marsh et al. 2014). However, the SDC is solely based on SD1 in AASHTO 137 

(2014), which again has a relatively strong correlation with earthquake magnitude and ground-138 

motion duration.   139 

 140 

Figure 1. Peak ground acceleration and spectral accelerations for 0.2-s and 1.0-s period oscillators vs. 141 
earthquake magnitude for motions recorded by the Guerrero accelerograph array in Mexico in 1985 and 142 
1986. All the stations were on hard rock and all the events have epicenters about 25 km from the station. 143 



 

Both the ASCE 7-16 and AASHTO (2014) criteria are readily implementable because 144 

seismic hazard maps accompany the codes and liquefaction evaluations are performed in a 145 

pseudo-probabilistic manner, rather than in a probabilistic manner (i.e., liquefaction is 146 

evaluated for a ground motion having a given return period, rather than the return period of 147 

liquefaction being evaluated). Also, it is worthy of note that the seismic hazard maps that 148 

accompany both ASCE 7-16 and AASHTO (2014) are based on PSHA that uses a lower bound 149 

magnitude of 5.0.  150 

FIELD OBSERVATIONS OF LIQUEFACTION IN SMALL EARTHQUAKES 151 

Assessment of field reports of liquefaction triggering by small-to-moderate earthquakes 152 

needed to infer lower bound magnitude thresholds requires evaluation of three factors. One of 153 

these, as indicated above, is the susceptibility of the soil deposits reported to have liquefied. 154 

The other two factors are the reliability of the earthquake source parameters (particularly the 155 

magnitude value) and the confidence that can be placed in the observed effects being both 156 

genuinely associated with liquefaction and unambiguously the result of the earthquake in 157 

question. Below we briefly review select case histories and simply make reference to others 158 

found in literature, but not in chronological order for reasons that will be apparent.  159 

Before reviewing individual case histories of liquefaction in small earthquakes, we note 160 

that in databases compiled for the derivation of models used in various types of liquefaction 161 

related hazard assessments we find no case of events smaller than magnitude 4.83. There is a 162 

single case of M 5, for example, in the database of Ambraseys (1988) with the next smallest 163 

being M 5.2. In the database of Japanese liquefaction cases of Kuribayashi and Tatsuoka (1975) 164 

and that for Greek cases by Papadoplous and Lefkoplous (1993) all events are larger than 165 

magnitude 5. Similarly, all cases of lateral spreading reported by Keefer (1984) and Rodriguez 166 

et al. (1999) are larger than magnitude 5. In the Italian database used by Galli (2000) to define 167 

a magnitude-distant envelope for liquefaction, the smallest reported event has an equivalent 168 

magnitude—assumed to be moment magnitude (Gasperini et al. 1999)—of 4.83; the event 169 

occurred in Monte Amiata on September 10, 1919, for which the only information provided 170 

regarding evidence of liquefaction is that there was “water emission.” Based on these 171 

compendia of case histories, observations of liquefaction effects in events of less than M 5 172 

would be seem to be exceptional.  173 



 

TRIGGERED OR INDUCED EARTHQUAKES 174 

The September 3, 2016 Pawnee, OK earthquake, likely triggered by wastewater injection, 175 

had a moment magnitude M 5.8 and caused small sand boils and cracks due to lateral spreading 176 

at three locations along the Arkansas River (Clayton et al. 2016, Kolawole et al. 2017). The 177 

magnitude is well constrained and there is clear photographic evidence of the liquefaction 178 

effects that manifest in the clearly susceptible environment of a river bank. There is, in fact, 179 

nothing remarkable about this particular case history, but it is included in this overview because 180 

it is the only confirmed report that we are aware of liquefaction due to an induced or triggered 181 

earthquake; as discussed below there are unconfirmed reports of liquefaction occurring in three 182 

other induced or triggered earthquakes. This is significant because inferences about minimum 183 

magnitude thresholds for liquefaction made from field observations are inevitably subject to 184 

the claim that absence of evidence cannot be taken as evidence of absence. However, counter 185 

to this view is the fact that induced and triggered seismic events have tended to attract great 186 

scrutiny in recent years and yet no triggered or induced events smaller than the Pawnee 187 

earthquake have confirmed reports of liquefaction.  188 

The three triggered or induced earthquakes with unconfirmed reports of liquefaction are 189 

the M 5.3-5.4, 2011 Trinidad, CO earthquake, the M 5.1, 2016 Fairview, OK earthquake, and 190 

the M 5.4, 1986 Newcastle, Australia earthquake. Trinidad, CO is located in the Raton Basin 191 

of southern Colorado and northern New Mexico, which was an area of low seismicity prior to 192 

2001. Rubinstein et al. (2014) show that the change in seismicity of the region statistically 193 

correlates to deep wastewater injection activities, with the largest event occurring in the region 194 

being the August 22, 2011, M 5.3-5.4 event. The unconfirmed report of liquefaction during 195 

this event is mentioned in the post-earthquake Preliminary Damage Report by the Colorado 196 

Geological Survey (Morgan and Morgan 2011). No evidence of liquefaction per se is presented 197 

in the damage report (e.g., no evidence of liquefaction ejecta or lateral spreading cracks), but 198 

rather, Morgan and Morgan (2011) question whether liquefaction was the root cause of an 199 

anecdotal description of damage to a house, where the owner described the ground rotating and 200 

the floor heaving and down-dropping.  201 

Fairview, OK is about 150 km west of Pawnee, OK, and as with Pawnee, is an active area 202 

of wastewater injection, resulting from gas and oil production in the region. On February 13, 203 

2016, the M 5.1 Fairview earthquake occurred and cause limited damage to unreinforced 204 

masonry structures. No evidence of liquefaction (e.g., no evidence of liquefaction ejecta or 205 



 

lateral spreading cracks) or even laymen’s phenomenological descriptions of liquefaction were 206 

reported in the post-event observations or news coverage. However, Barnhart et al. (2018) used 207 

remote sensing geodetic observations from interferometric synthetic aperture radar (InSAR) to 208 

quantify the surface deformation in the impacted region. They identified an ~16 km stretch of 209 

a displacement transient along the Cimarron River, directly above the source region, and 210 

postulate that this is a result of liquefaction. It is possible that liquefaction is responsible for 211 

the InSAR surface deformation signal, but given the extent of the purported liquefaction (i.e., 212 

~16 km stretch of land), it is difficult to conceive why no ground observations of liquefaction 213 

were reported. 214 

There is some debate about whether M 5.4, 1986 Newcastle, Australia earthquake is a 215 

triggered or induced earthquake, resulting from dewatering of deep coal mines in the region 216 

(Klose 2007), or whether it is a natural tectonic event (Quinn et al. 2008). Nevertheless, the 217 

event is included in this section for completeness. In addition to the uncertainty about the nature 218 

of the earthquake, there is additional uncertainty regarding whether liquefaction was actually 219 

triggered during this event. Brunsdon (1990) states: “No observations of liquefaction of sands 220 

were reported, although it is considered that liquefaction may have occurred in certain areas 221 

had the earthquake been of longer duration.” Similarly, McCue et al. (1990) state: “There was 222 

no obvious subsidence or extensive ground cracks, despite the added instability from shallow 223 

mining, and no liquefaction (sand boils or mud volcanoes).” However, Harkness and Hassanain 224 

(2002) and Melchers (1990) attribute observed subsidence of the ground surface and 225 

differential settlement of buildings to liquefaction in the subsurface. In the case described by 226 

Harkness and Hassanain (2002), differential settlement was observed in houses built on landfill 227 

over a former swamp; no information is given regarding the characteristics of the landfill or 228 

swamp soils. Accordingly, cyclic softening of clayey material, for example, could be the cause 229 

for the differential settlement of the building, rather than liquefaction. Melchers (1990) 230 

mentions a couple locations where liquefaction might have resulted in settlement of the ground 231 

surface.   232 

ROERMOND, THE NETHERLANDS, 1992 233 

This earthquake in the south of the Netherlands on the border with Germany triggered 234 

liquefaction effects similar to those observed in the Pawnee earthquake, for which there is clear 235 

photographic evidence. Grain size gradation curves obtained from laboratory tests on samples 236 

from one of the liquefied sites indicated a poorly graded sand that would be highly susceptible 237 



 

to liquefaction (Nieuwenhuis 1994). The earthquake was assigned a moment magnitude of M 238 

5.4 by the US Geological Survey. 239 

OLANCHA, CALIFORNIA, 2009 240 

There were observations of extensive liquefaction of susceptible sand deposits in an area 241 

where the water table was close to the ground surface following this earthquake of magnitude 242 

M 5.2. Holzer et al. (2010) published a paper presenting these observations as noteworthy 243 

precisely because “liquefaction….is common in earthquakes with moment magnitudes (M) 244 

greater than 6 and frequently causes damage, but it is rarely associated with earthquakes of 245 

M≤5.2.” Holzer et al. (2010) attribute the occurrence of liquefaction in this earthquake to the 246 

susceptibility of the soils (an active alluvial fan depositing coarser grains over fine-grained 247 

lake deposits) rather than exceptional ground motions.  248 

LOMA PRIETA AFTERSHOCK, CALIFORNIA, 1991 249 

Holzer et al. (2010) note the report by Sims and Gavin (1995) of liquefaction caused by a 250 

magnitude M 4.6 aftershock of the October 1991 Loma Prieta earthquake. Clear evidence of 251 

liquefaction was documented for this earthquake, which is significant since it establishes that 252 

the lower bound magnitude is at least as small as 4.6. However, it is noteworthy that the 253 

liquefaction was observed to occur in the extremely susceptible deposits of the dry Soda Lake, 254 

which was formerly a man-made settling basin. Moreover, Sims and Gavin (1995) noted that 255 

the “sandblows developed during the March 1991 aftershock erupted only through pre-existing 256 

vents.” As a result, it is very possible that surficial evidence of liquefaction having triggered at 257 

depth would not have manifested if liquefaction dikes from the source stratum to the ground 258 

surface had not formed at the site during the M 6.9 Loma Prieta main shock.    259 

RANDOLPH, UTAH, 2010 260 

This case history is also noted by Holzer et al. (2010) and it supports the lower bound 261 

implied by the previous case with the moment magnitude of this event estimated at 4.5-4.6. 262 

Sand boils were observed on the banks of a river (Figure 2) that appears to be almost swampy 263 

ground. DuRoss (2011) reported that “We attribute the occurrence of liquefaction to highly 264 

susceptible sediments very near the epicenter.”  265 



 

 266 

Figure 2. Liquefaction effects observed following the M 4.6 Randolph earthquake in Utah (Pankow et 267 
al. 2015) 268 

CHRISTCHURCH, NEW ZEALAND, 2010-2011 269 

Widespread liquefaction was triggered throughout Christchurch and surrounding areas 270 

during the 2010-2011 Canterbury, New Zealand, earthquake sequence (CES), with the largest 271 

event in the sequence being the 2010 M 7.1 Darfield earthquake (e.g., Cubrinovski and Green 272 

2010, Cubrinovski et al. 2011, Green et al. 2011, Green et al. 2014, Wood et al. 2017). As 273 

many as ten distinct episodes of liquefaction triggering occurred in regions of Christchurch 274 

during the CES (Quigley et al. 2013). These observations are significant because on-site 275 

inspections were made following many of the felt episodes of shaking and hence this is a case 276 

for which there is actual evidence for absence—at least of any effects observable at the surface. 277 

Figure 3 shows the key findings from Quigley et al. (2013), from which it can be appreciated 278 

that the smallest event to have triggered liquefaction at the site had a moment magnitude of M 279 

5.0. The squares in the figure, which correspond to events for which no surface ejecta were 280 

observed, range from M 4.5 to 5.4.  281 

 282 



 

 283 

Figure 3. Observations of liquefaction as a function of magnitude and magnitude-normalized PGA 284 
(PGA7.5) for a site in Avonside, an eastern suburb of Christchurch, New Zealand, during the 2010-2011 285 
CES (Quigley et al 2013). 286 

There is limited documented evidence of liquefaction being triggered during the M 4.8, 287 

October 19, 2010 aftershock that occurred approximately 5 km SW of Christchurch in the 288 

suburb of Haswell (Tonkin & Taylor 2013, p. 8). Marginal liquefaction is reported to have 289 

triggered during this event in Haswell and in the suburb of Hoon Hay, about 4 km NE of 290 

epicenter for the aftershock. This area had severely liquefied six weeks prior during the 291 

September 4, 2010, M 7.1 Darfield earthquake. As a result, similar to the Loma Prieta 292 

aftershock discussed above, it is very possible that surficial evidence of liquefaction having 293 

triggered at depth would not have manifested if liquefaction dikes from the source stratum to 294 

the ground surface had not formed at the site during the M 7.1 main shock.  295 

The 2010-2011 Christchurch liquefaction episodes are an important series of case histories 296 

because they are instances of liquefaction being observed in the vicinity of buildings (i.e., low-297 

rise residential structures), implying that the ground was essentially competent under static 298 

conditions, albeit sites that are very susceptible to liquefaction. Whereas there have been 299 

observations of liquefaction due to smaller events on extremely susceptible ground, on which 300 

it is hard to imagine that it would have been possible to found a building structure due to 301 

bearing capacity, settlement, and drainage issues.  302 

 303 



 

AU SABLE FORKS, NEW YORK, 2002 304 

This tectonic earthquake occurred in the northeast part of New York State on April 20, 305 

2002 and was assigned a Lg-wave magnitude (mbLg) of 5.3 by the US Geological Survey and 306 

a M 5.0 by Seeber et al. (2002). The earthquake triggered liquefaction in a very loose silty fine 307 

sand fill deposit at the toe of a road embankment, likely placed in 1953, resulting in a localized 308 

slide in the embankment (Figure 3; Gingery 2003, Pierre and Lamontagne 2004). Analysis of 309 

the case history performed by Gingery (2003) shows that the large initial static shear stresses 310 

imposed on the very loose silty fine sand fill deposit by the embankment were key to 311 

liquefaction being triggered (i.e., liquefaction would likely not have triggered in the absence 312 

of these large initial static shear stresses). This is an important case history because it highlights 313 

the potential for the stresses imposed by the infrastructure to influence liquefaction triggering, 314 

which may, in turn, detrimentally impact the infrastructure.  315 

Figure 4. Road embankment failure during the M 5.0 Au Sable Forks earthquake in New York. The 316 
slide is attributed to liquefaction occurring in the fill material at the toe of the embankment. (Gingery 317 
2003) 318 

FALCON STATE, VENEZUELA, 1989 319 

Audemard and de Santis (1991) report sand boils occurring in the delta of the Tocuyo River 320 

in Venezuela as a result of an earthquake swarm in 1989. The coastal sand deposits where the 321 

sand boils were observed were clearly susceptible to liquefaction and in all cases seemed to 322 

have found their way to surface through crab burrows and existing fractures. This case history 323 

is noteworthy, however, as an illustration of the importance of establishing reliable source 324 

parameters for the earthquakes and clear association of the liquefaction phenomena with the 325 

seismic event.  326 



 

Audemard and de Santis (1991) identify two earthquakes, with body-wave magnitudes mb 327 

of 5.7 and 5.0, both more than 15 km offshore, as being the cause of the liquefaction. The two 328 

earthquakes occurred six days apart but it is unclear from the paper if the field studies were 329 

conducted in such a way as to separate and distinguish their effects. The source parameters for 330 

the earthquakes were obtained from the national seismological service in Venezuela. The 331 

catalog of the International Seismological Centre lists three earthquakes on the same dates and 332 

in the same area. The first two (mb 4.7 and mb 4.6, respectively) occurred on April 30 at least 333 

30 km from the coastline; the third occurred on May 4, much closer to the shore and is assigned 334 

mb 5.4 and surface-wave magnitude MS of 5.2. Notwithstanding that these locations may also 335 

be offset from the true epicenters, it seems reasonable to conclude that the modest 336 

manifestations of liquefaction in this highly susceptible environment were the result of the final 337 

earthquake of magnitude greater than 5.  338 

BARROW-IN-FURNESS, UK, 1865 339 

The previous case history highlights an instance of uncertainty regarding the source 340 

characteristics of the earthquake to which observations of liquefaction have been attributed. In 341 

the case of the liquefaction effects claimed to have occurred near the coastal village of Barrow-342 

in-Furness in NW England in 1865, there is doubt regarding both the earthquake source 343 

parameters and the actual liquefaction effects as well. This case history warrants careful 344 

consideration because if the claims of Musson (1998) were verified, this is a game changer: an 345 

earthquake with a magnitude “perhaps most likely between 2½ and 3½” triggering the 346 

following liquefaction phenomena according to a contemporary account: “We saw at a distance 347 

from us, a great mass of sand, water and stone thrown up into the air higher than a man’s 348 

head….when we got to the place there were two or three holes in the sand, large enough to 349 

bury a horse and cart, and in several places near them, the sand was so soft and puddly that 350 

they would have mired any one if he had gone on to them.” Musson (1998) also reports 351 

structural damage caused by the shaking consistent with Modified Mercalli Intensity (MMI) of 352 

VIII. A very shallow focal depth is offered as an explanation for such intense motions from 353 

such a small earthquake, but very superficial earthquakes would also be expected to have rather 354 

low stress drops.  355 

The reported sand boils and volcanoes occurred on tidal flats that are clearly extremely 356 

susceptible to liquefaction. Musson (1989) states that “further evidence of the easily liquefiable 357 

nature of the sands is provided by the fact that Morecombe Bay [10 km to NE] is notorious for 358 



 

quicksand just in normal conditions.” However, regardless of how susceptible the sands may 359 

have been to liquefaction, it is still difficult to reconcile the small magnitude assigned to the 360 

earthquake with the very dramatic liquefaction effects with ejecta being projected more than 361 

two meters into the air. Musson (1989) notes a report attributing the reported effects to the 362 

escape of a large body of gas but discounts this alternative explanation. One reason given to 363 

discredit the gas explanation is that the observers would have reported smelling gas, despite 364 

the fact that they observed the rising material from some distance on a presumably wind-swept 365 

tidal plain and the fact that naturally-occurring methane is odorless. Another reason put 366 

forward by Musson (1989) to discount an escape of gas as the explanation is “the description 367 

of quicksand-like effects is more in line with classical liquefaction than with a gas burst;” to 368 

us, sand, rocks and water being thrown into the air do not seem consistent with quicksand and 369 

are much more suggestive of an explosive phenomenon. How a micro-to-small magnitude 370 

earthquake could generate sufficient cycles of motion to trigger severe liquefaction and 371 

associated excess pore pressures required to eject rocks 2 m off the ground is hard to explain.  372 

We are unable to state conclusively whether the magnitude assigned to the earthquake is 373 

grossly underestimated or if the reported liquefaction effects were actually due to another 374 

cause, but we believe that it is easy to establish reasonable doubt with regard to the story related 375 

by Musson (1989). Taking the reported magnitude of 2.5-3.5 at face value, globally there are 376 

a little more than 400,000 earthquakes of this size annually; therefore, in the 150 years since 377 

the Barrow-in-Furness earthquakes, there have been more than 60 million events of similar 378 

size. Even discounting all offshore and sub-crustal earthquakes and all events occurring in 379 

remote areas away from human habitation, the complete lack of any comparable observations 380 

from such small events would at the very least suggest that what is reported to have happened 381 

in 19th Century England was an event with a probability of less than 10-7. More likely, it 382 

suggests that the claim of liquefaction triggering by an earthquakes of M ~3 is unfounded and 383 

hence this case history can be dismissed from inferences regarding lower bounds of magnitude 384 

for liquefaction triggering.   385 

CHRISTCHURCH, NEW ZEALAND, 1869 AND 1870 386 

Two significant earthquakes that impacted Christchurch, New Zealand, between the start 387 

of organized European settlement in 1850 and the September 2010 M 7.1 Darfield earthquake 388 

occurred in 1869 and 1870 (Downes and Yetton 2012). The macroseismic epicenter of the 389 

1869 Christchurch earthquake is estimated to be approximately 3.5 km SW of the center of the 390 



 

city’s most densely populated region at the time, which is currently the city’s Central Business 391 

District (CBD). Damage to chimneys, unreinforced masonry structures, and internal contents 392 

of both residences and businesses were reported in the CBD and nearby suburbs, with the 393 

damage intensity in the CDB being assessed as MMI VII. Based on an MMI isoseismal map 394 

for the event and New Zealand-specific GMPEs (Dowrick and Rhoades 1998), Downes and 395 

Yetton (2012) estimate the event had a shallow focal depth and a moment magnitude of 4.7 to 396 

4.9. No liquefaction or ground damage was reported for this event, despite several regions that 397 

experienced the most intense shaking and structural damage having deposits that are very 398 

susceptible to liquefaction (e.g., Avonside, Figure 3).  399 

The macroseismic epicenter of the 1870 earthquake that impacted Christchurch is estimated 400 

to be under Lake Ellesmere, which is approximately 25 km S-SW of the CBD and is a former 401 

mouth of the Waimakariri River, which currently empties into Pegasus Bay north of 402 

Christchurch. Lake Ellesmere is shallow and is better described as a lagoon/estuary than a lake. 403 

Shaking from this event was felt over much of the central portion of the South Island of New 404 

Zealand and the estimated magnitude of this event is M 5.6-5.8 (Downes and Yetton 2012). 405 

Damage in the CBD and nearby suburbs from this event was similar to, but slightly less than 406 

(MMI VI vs. MMI VII), that experienced during the 1869 Christchurch earthquake. No 407 

liquefaction was reported per se, but muddying of a creek near Lake Ellesmere was reported. 408 

This may indicate that liquefaction occurred in the creek bed, which was pervasive in the Avon 409 

and Heathcote River beds and in the Avon-Heathcote Estuary during the 2010-2011 CES (e.g., 410 

Figure 5). The Avon-Heathcote Estuary is also a former mouth of the Waimakariri River and, 411 

thus, likely has similar deposits as Lake Ellesmere (Green et al. 2018a); these deposits may 412 

also be similar to the tidal flats which are purported to have severely liquefied during the 1865 413 

Barrow-in-Furness earthquake (Musson 1989).   414 

Although there is some uncertainty about the earthquake source parameters and 415 

liquefaction response of the deposits for these two events, clearly deposits susceptible to 416 

liquefaction were subjected to shaking during these events (e.g., river and lake bed deposits 417 

and Avonside). The significance of these events is that the observed liquefaction responses are 418 

in direct accord with those made during the 2010-2011 CES and completely independent (i.e., 419 

M ~5.0 is the threshold for triggering liquefaction in all but extremely susceptible soil 420 

deposits).  421 

 422 



 

 423 

Figure 5. Severe surficial liquefaction manifestations in the Avon-Heathcote Estuary that formed 424 
during the 2011, M 6.2 Christchurch earthquake, where the PGA at this site estimated to be greater than 425 
0.6 g (Photo courtesy of Greg DePascale, February 22, 2011). 426 

EPISODES OF LIQUEFACTION DURING OTHER SMALLER MAGNITUDE EVENTS 427 

The following is a listing of credible episodes of liquefaction occurring in other small 428 

magnitude events worldwide: M 4.8,  July 15, 1996 Epagny-Annecy, France (Dufumier 2002, 429 

Dominique et al. 2008); M 5.0-5.1, November 24, 2004 Garda Lake, Salo, Italy (Michetti et 430 

al. 2005); M 5.2, 20 March 1992 Milos, Greece (Papadopoulos 1993); local magnitude (ML) 431 

5.3 July 15, 1903 Warrnambool, Australia (The Argus 1903, The Register 1903); M 5.4, March 432 

26, 1993 Pyrgos, Greece (Koukouvelas et al. 1996, Papanikolau et al. 2009); M 5.5, November 433 

3, 2010 Vitanovac, Kraljevo, Serbia (Knezevic Antonijevic 2013). While each of these events 434 

undoubtedly have unique aspects of value to liquefaction research, a more detailed coverage 435 

of each herein in not warranted because they only confirm observations about the threshold 436 

magnitudes for liquefaction triggering identified by the other cases already presented. 437 

A SIMPLE PARAMETRIC STUDY 438 

In order to explore the lower limit on earthquake magnitude for triggering liquefaction, a 439 

simple parametric study is performed using two idealized profiles, one that we refer to as being 440 

“very susceptible” to liquefaction and the other as being “extremely susceptible” to 441 

liquefaction. As shown subsequently, the distinction between the two profiles manifests in their 442 

suitability for building structures, as well as their resistance to liquefaction triggering. Both 443 

idealized profiles are comprised of thick deposits of loose, clean fine sand with shallow ground 444 

water tables. In the engineering analyses, we model the profile that we refer to as being 445 

extremely susceptible to liquefaction as having the ground water table at the ground surface 446 



 

(i.e., zgwt = 0 m) and having a constant normalized cone penetration test (CPT) tip resistance 447 

(qc1Ncs) equal to 84 atm down to a depth of 20 m. Using the correlation proposed by Robertson 448 

(2015), the sand in this deposit has a relative density (Dr) of approximately 20%, which is very 449 

loose and about the loosest state found in nature (e.g., in very young, estuary deposits). The 450 

profile that is very susceptible to liquefaction is identical to the one that is extremely 451 

susceptible to liquefaction, except that it has a 1-m thick dense crust (i.e., qc1Ncs = 180 atm) and 452 

the depth to the ground water table corresponds to the base of the dense crust (i.e., zgwt = 1 m), 453 

which by all accounts is still very shallow.  454 

The parametric study performed using the two profiles entailed predicting the severity of 455 

surficial liquefaction manifestations using the Green et al. (2018a,b) (Gea18) CPT-based 456 

simplified liquefaction evaluation procedures, operating within the Liquefaction Potential 457 

Index (LPI: Iwasaki et al. 1978) and Ishihara-inspired LPI (LPIish: Maurer et al. 2015) 458 

liquefaction damage potential frameworks. One of the Gea18 procedures is for shallow crustal 459 

tectonic events in active seismic regions (Gea18tecton) and the other is for induced seismicity in 460 

the Groningen region of the Netherlands (Gea18Gron). Two earthquake magnitudes were 461 

considered, M 4.5 and M 5.0, and a peak ground acceleration (PGA or amax) of 0.15 g is 462 

assumed, which is reasonable, although likely having an epsilon greater than zero, for the 463 

epicentral region of shallow earthquakes in this magnitude range, whether for induced or 464 

tectonic events.  465 

Figure 6 shows the results of the liquefaction parametric study, and as shown, the computed 466 

LPI and LPIish values at the ground surface are only greater than zero for M 4.5 and zgwt = 0 m 467 

(i.e., extremely susceptible profile). For these analyses, it is assumed that an LPI and LPIish 468 

value of 5 is the threshold that separates no-to-minor and moderate surficial liquefaction 469 

manifestations, and an LPI and LPIish value of 15 is the threshold that separates moderate and 470 

severe surficial liquefaction manifestations (Maurer et al. 2014, Maurer et al. 2015). Based on 471 

these thresholds, the Gea18tecton procedure operating within the LPI and LPIish frameworks 472 

predicts no-to-minor (LPI) to moderate (LPIish) surficial liquefaction manifestations for the 473 

scenario M 4.5 and zgwt = 0 m. Although not shown in Figure 6, similar results were obtained 474 

using the Boulanger and Idriss (2014) (BI14) CPT-based simplified liquefaction evaluation 475 

procedure. The Gea18Gron procedure predicts moderate (LPI) to severe (LPIish) surficial 476 

liquefaction manifestations for this scenario. To the authors knowledge the Gea18Gron is the 477 

only liquefaction evaluation procedure that was explicitly developed to evaluate liquefaction 478 



 

potential due to induced seismicity; however, its applicability for use for evaluating 479 

liquefaction potential due to induced seismicity outside of Groningen is unknown. Note that 480 

the dotted portion of the LPIish curves at shallow depths in Figure 6 is because the framework 481 

was never calibrated for zgwt = 0 m conditions, and the computed values above 0.5 m for this 482 

conditions is an extrapolation of the procedure beyond its recommended range of use.  483 

  
(a) (b) 

Figure 6. Results from the liquefaction parametric study on “very susceptible” (i.e., qc1Ncs = 84 atm and 484 
zgwt = 1 m) and “extremely susceptible” (i.e., qc1Ncs = 84 atm and zgwt = 0 m) profiles. Computed LPI 485 
and LPIish profiles using the Gea18 CPT-based simplified procedure: (a) for shallow crustal tectonic 486 
events in active seismic regions; and (b) for shallow crustal induced events in the Groningen region of 487 
the Netherlands. Note that only the M4.5 - zgwt = 0 m scenarios result in non-zero LPI and LPIish values.    488 

Although the severity of the predicted surficial liquefaction manifestation varies depending 489 

on which simplified procedure and liquefaction damage potential framework are used, the 490 

trends are consistent. Namely, surficial liquefaction manifestations are only predicted for an 491 

M 4.5 event for the profile that is extremely susceptible to liquefaction (i.e., zgwt = 0 m), and 492 

earthquakes having magnitudes 5.3 and 5.8 (assuming PGA = 0.15 g) or greater are required 493 

for surficial liquefaction manifestations to be predicted for the profile that is very susceptible 494 

to liquefaction using the Gea18Gron and Gea18tecton procedures, respectively. This finding is 495 

consistent with AASHTO (2014) which justifies not requiring liquefaction evaluations to be 496 

performed for SDC A and B highway bridge sites because “For Seismic Design Categories A 497 



 

and B, the potential for liquefaction is generally low, as peak ground accelerations are likely 498 

to be less than 0.14g and earthquake magnitudes are likely to be less than 6.0.” (Marsh et al. 499 

2014).  500 

The distinction between the profiles that are “very” versus “extremely” susceptible to 501 

liquefaction are put into context by their suitability for building structures. Towards this end, 502 

the settlement and factor of safety against bearing capacity failure (FSbc) for a 1-story, 503 

conventional light-framed building (e.g., wood-framed, ranch style house) are computed for 504 

the two profiles. For residential structures, tolerable settlement is generally limited to 0.0254 505 

m (1 inch) and the minimum acceptable FSbc is 3 (NAVFAC 1986). Based on the 506 

“presumptive” allowable bearing pressures and corresponding minimum footing widths 507 

specified in the International Residential Code (IRC 2007), the design loads imposed on a strip 508 

footing from the superstructure of a 1-story, conventional light-framed building is back-509 

calculated to be approximately 18.7 kN/m (1300 lb/ft).  510 

The CPT-based procedures proposed by Meyerhof (1974) and Meyerhof (1956) are used 511 

to evaluate settlement and bearing capacity, respectively. Both of these procedures are based 512 

on the uncorrected CPT tip resistance (qc) averaged over a depth equal to the footing width (B) 513 

below the base of the footing. Accordingly, the procedure proposed by BI14 is used to back-514 

calculate qc from the assumed qc1Ncs values for the two profiles; note that Gea18 adopted the 515 

BI14 procedure that relates uncorrected and corrected CPT tip resistances.  Figure 7 shows the 516 

back-calculated qc profiles, and as may be observed, there is a slight difference in the qc values 517 

for the two profiles below the depth of the dense crust, which is due to differences in zgwt for 518 

the two profiles and its influence on vertical effective stress.  519 

The depth of embedment (i.e., depth to the bottom of the footing) is required to be a 520 

minimum of 0.3048 m (1 ft) below the undisturbed ground surface and all exterior footings 521 

need to be embedded down to the frost line depth (IRC 2007), which will vary based on 522 

regional temperatures. In the contiguous US the frost line depth ranges from 0 to 2.54 m (0 to 523 

100 inches), with about half the land mass of the contiguous US having a frost line depth of 524 

0.6096 m (24 inches) or less. Accordingly, for the calculations presented herein, the frost line 525 

depth is assumed to be 0.6096 m (24 inches). Using this depth of embedment and assuming B 526 

= 0.3048 (1 ft), which is standard for 1-story conventional light-framed construction in the US, 527 

qc averaged over a depth B below the base of the footing (i.e., qc_avg) for the profiles that are 528 

very and extremely susceptible to liquefaction are 86.1 and 20.6 atm, respectively. Based on 529 



 

these values, the settlement computed using the Meyerhof (1974) procedure is negligible for 530 

both profiles [i.e., well below the tolerable limit of 0.0254 m (1 inch)]. However, the FSbc for 531 

the very and extremely susceptible profiles are 10.5 and 2.3, respectively; these FSbs are above 532 

and below, respectively, the minimum acceptable FSbc of 3.0. Although the FSbc = 2.3 is not 533 

that much below 3.0 and a wider footing width could be used to increase FSbs, this factor of 534 

safety is for the in-place structure. If one considers the construction process and that the tire 535 

pressure for construction equipment with pneumatic tires is approximately 103.4 kPa (15 psi), 536 

on the low end, the upper bound FSbc for the construction equipment under static conditions is 537 

0.2 for the profile that is extremely susceptible to liquefaction. This FSbc is comparable to that 538 

of an average-sized human trying to walk across the site shown in Figure 2, the difficulty of 539 

which is easily imaginable.      540 

 541 

 542 

Figure 7. Corrected and uncorrected CPT tip resistances (qc1Ncs and qc, respectively) for the very 543 
susceptible (zgwt = 0 m) and extremely susceptible (zgwt = 1 m) profiles.   544 

DISCUSSION AND CONCLUSIONS 545 

There is clear and reliable field evidence that surface manifestations of liquefaction 546 

triggering have occurred due to earthquakes of magnitude as small as M ~4.5, but these 547 



 

invariably correspond to exceptional cases of extremely susceptible ground that is not suitable 548 

for even the lightest building structures. Evidence for both the occurrence and absence of 549 

liquefaction triggering in susceptible ground supports the conclusion that M 5.0 is the lower 550 

bound for liquefaction triggering that pose risk to sites suitable for building structures. 551 

However, for other infrastructure (e.g., pipelines and legacy levees), magnitudes as low as 4.5 552 

may be appropriate. The conclusions inferred from field observations regarding building 553 

structure sites are supported by the results of analyses using engineering models. We also 554 

emphasize that the threshold magnitude is a necessary but not sufficient condition: the 555 

occurrence of an earthquake of M 5 close to susceptible soil deposits will not necessarily result 556 

in liquefaction triggering. One clear consequence of this conclusion is that when assessing the 557 

risk to building structures associated with induced seismicity, unless earthquakes in excess of 558 

magnitude 5 are expected, liquefaction can be disregarded as a hazard. The other logical 559 

consequence of our findings is that in PLHA for building structure sites, earthquakes of 560 

magnitude smaller than M 5 do not need to be considered in the hazard integrations. This 561 

applies equally to genuine PLHA and pseudo-probabilistic liquefaction hazard assessment: in 562 

the latter, contributions to the PGA hazard from earthquakes smaller than magnitude 5 should 563 

be eliminated.  564 

Although the confirmed liquefaction case histories reviewed in this study are almost 565 

exclusively natural earthquakes of tectonic origin, we believe that the above findings hold for 566 

both natural and induced seismicity. One of our motivations for this conclusion is that while 567 

induced earthquakes tend to be of shallower focal depth, epicentral motions may not be 568 

markedly different (e.g. Hough 2014). This has been inferred to be the result of the correlation 569 

between stress drop and focal depth, which is increasing recognized as an important factor that 570 

is being incorporated into ground-motion predictions for induced seismicity (e.g. Novakovic 571 

et al. 2018). An additional consideration is that induced earthquakes attract considerable 572 

attention and receive much greater scrutiny than tectonic events of similar magnitude; 573 

consequently, had a small-magnitude induced earthquake triggered liquefaction, it is quite 574 

likely that this would have been recorded and reported. In contrast, the occurrence of 575 

liquefaction during small magnitude tectonic events may barely get mention (e.g., M 4.8, 19 576 

October 2010 aftershock in Christchurch; Tonkin & Taylor 2013, p. 8). 577 

Our conclusion regarding the minimum magnitude to be considered in PLHA for building 578 

structure sites actually confirms and substantiates the lower limit proposed by Atkinson et al. 579 



 

(1984). However, as noted in the Introduction, Goda et al. (2011) find non-negligible 580 

contributions to liquefaction hazard in Canadian cities—and particularly in Montreal (their Fig. 581 

6)—from earthquakes in the range of magnitude 4.5 to 5. This apparent disparity with the 582 

conclusion drawn herein is likely due to the stress reduction factor (rd) relationship that Goda 583 

et al. (2011) used in conjunction with the small strain shear wave velocity (Vs) based 584 

liquefaction evaluation procedure proposed by Andrus and Stokoe (2000). Aside from general 585 

shortcomings of Vs-based liquefaction evaluation procedures, Goda et al. (2011) used the rd 586 

relationship proposed by Liao et al. (1988), which is independent of earthquake magnitude. 587 

Subsequent rd relationships proposed by Idriss (1999), Cetin et al. (2004), and Lasley et al. 588 

(2016), among others, show that rd tends to decrease as magnitude decreases (i.e., the soil 589 

column responds less rigidly as magnitude decreases). This is mainly due to the decrease in the 590 

energy of long period motions in smaller magnitude events, as illustrated by the trend in S1 as 591 

a function of M shown in Figure 1. This implies that the cyclic stresses imposed in a stratum 592 

at depth in a soil profile are less demanding as the magnitude of the earthquake decreases, 593 

separate from the additional magnitude dependencies of PGA and duration of shaking. 594 

Accounting for this phenomenon would likely reconcile the disparity of the influence of events 595 

less than M 5 on the computed liquefaction hazard shown in Goda et al. (2011) with that shown 596 

herein.  597 

ACKNOWLEDGMENTS 598 

This research was partially funded by Nederlandse Aardolie Maatschappij B.V. (NAM) 599 

and National Science Foundation (NSF) grants CMMI-1435494, CMMI-1724575, and CMMI-600 

1825189. This support is gratefully acknowledged. Additionally, the motivation for this paper 601 

came primarily from discussions related to liquefaction hazard due to induced earthquakes in 602 

the Groningen gas field in the Netherlands. We thank Dr. Peter Stafford and Professor Adrian 603 

Rodríguez-Marek and all the individuals from NAM, Shell, Deltares, Arup, Fugro, BICL, and 604 

the NEN-NPR Liquefaction Task Force for the discussions that both prompted and informed 605 

our efforts to respond to the question posed in the title of this paper. Additionally, particular 606 

thanks are due to Drs. Cecilia Nieves, Sjoerd van Ballegooy, Misko Cubrinovski, Ellen Rathje, 607 

and Paolo Zimmaro for bringing a number of case histories to our attention. However, any 608 

opinions, findings, and conclusions or recommendations expressed in this material are those of 609 

the authors and do not necessarily reflect the views of the NSF or those that inspired this work. 610 



 

REFERENCES 611 

American Association of State Highway and Transportation Officials (AASHTO), 2014. Guide 612 

Specifications for LRFD Seismic Bridge Design, Second Edition with 2014 Interim, AASHTO, 613 

Washington, D.C.  614 

Ambraseys, N.N., 1988. Engineering seismology, Earthquake Engineering & Structural Dynamics 17, 615 

1-105. 616 

Anderson, J.G., and Quass, R. 1988. The Mexico earthquake of September 19, 1985 – effect of 617 

magnitude on the character of strong ground motion: An example from Guerrero, Mexico strong 618 

motion network, Earthquake Spectra 4, 635-646. 619 

Andrus, R.D., and Stokoe II, K.H., 2000. Liquefaction resistance of soils from shear wave velocity, 620 

Journal of Geotechnical Geoenvironmental Engineering 126, 1015–1025. 621 

American Society of Civil Engineering (ASCE), 2017. ASCE7-16: Minimum design loads and 622 

associated criteria for buildings and other structures, American Society of Engineers, Reston, VA. 623 

Atkinson, G.M., Finn, W.D.L., and Charlwood, R.G., 1984. Simple computation of liquefaction 624 

probability for seismic hazard applications, Earthquake Spectra 1(1), 107-123. 625 

Audemard, F.A., and de Santis, F., 1991. Survey of liquefaction structures induced by recent moderate 626 

earthquakes, Bulletin of the International Association of Engineering Geology 44, 5-16. 627 

Barnhart, W.D., Yeck, W.L., and McNamara, D.E., 2018. Induced earthquake and liquefaction hazards 628 

in Oklahoma, USA: Constraints from InSAR, Remote Sensing of Environment 218, 1-12. 629 

Bird, J.F., and Bommer, J.J., 2004. Earthquake losses due to ground failure, Engineering Geology 75(2), 630 

147-179. 631 

Bommer, J.J., and Crowley, H., 2017. The purpose and definition of the minimum magnitude limit in 632 

PSHA calculations, Seismological Research Letters 88(4), 1097-1106. 633 

Bommer, J.J., Stafford, P.J., Alarcón, J.E., and Akkar, S., 2007. The influence of magnitude range on 634 

empirical ground-motion prediction, Bulletin of the Seismological Society of America 97(6), 2152-635 

2170. 636 

Boulanger, R.W., and Idriss, I.M., 2014. CPT and SPT based liquefaction triggering procedures, 637 

Report No. UCD/CGM-14/01, University of California at Davis, Davis, CA.  638 

Bradley, B.A., 2011. Correlation of significant duration with amplitude and cumulative intensity 639 

measures and its use in ground motion selection, Journal of Earthquake Engineering 15, 809–832.  640 

Brunsdon, D.R., 1990. The December 28, 1989 Newcastle, Australia earthquake, Bulletin of the New 641 

Zealand National Society for Earthquake Engineering 23(2), 102-120.  642 



 

Campbell, K.W., and Bozorgnia, Y., 20120. Cumulative Absolute Velocity (CAV) and seismic 643 

intensity based on the PEER-NGA database, Earthquake Spectra 28(2), 457-485. 644 

Cetin, K.O., Seed, R.B., Der Kiureghian, A., Tokimatsu, K., Harder Jr., L.F., Kayen, R.E., and Moss, 645 

R.E.S., 2004. Standard Penetration Test-based probabilistic and deterministic assessment of 646 

seismic soil liquefaction potential, Journal of Geotechnical and Geoenvironmental Engineering 647 

130, 1314-1340. 648 

Clayton, P., Zalachoris, G., Rathje, E., Bheemasetti, T., Caballero, S., Yu, X., and Bennett, S., 2010. 649 

The geotechnical aspects of the September 3, 2016, M5.8 Pawnee, Oklahoma, earthquake, GEER 650 

Report 051, Geotechnical Extreme Events Reconnaissance Association, 16 pp. 651 

doi:10.18118/G69885 652 

Cubrinovski, M. and Green, R.A. (eds.), 2010. Geotechnical reconnaissance of the 2010 Darfield 653 

(Canterbury) earthquake, (contributing authors in alphabetical order: J. Allen, S. Ashford, E. 654 

Bowman, B. Bradley, B. Cox, M. Cubrinovski, R. Green, T. Hutchinson, E. Kavazanjian, R. 655 

Orense, M. Pender, M. Quigley, and L. Wotherspoon), Bulletin of the New Zealand Society for 656 

Earthquake Engineering 43, 243-320.  657 

Cubrinovski, M., Bradley, B., Wotherspoon, L., Green, R.A., Bray, J., Wood, C., Pender, M., Allen, J., 658 

Bradshaw, A., Rix, G., Taylor, M., Robinson, K., Henderson, D., Giorgini, S., Ma, K., Winkley, 659 

A., Zupan, J., O’Rourke, T., DePascale, G., and Wells, D., 2011. Geotechnical aspects of the 22 660 

February 2011 Christchurch earthquake, Bulletin of the New Zealand Society for Earthquake 661 

Engineering 44, 205-226.  662 

Davies, R., Foulger, G., Bindley, A., and Styles, P., 2013. Induced seismicity and hydraulic fracturing 663 

for the recovery of hydrocarbons, Marine & Petroleum Geology 45, 171-185. 664 

Dobry, R., Ladd, R., Yokel, F., Chung, R., and Powell, D., 1982. Prediction of Pore Water Pressure 665 

Buildup and Liquefaction of Sands during Earthquakes by the Cyclic Strain Method, NBS Building 666 

Science Series 138, National Bureau of Standards, Washington, DC.  667 

Dominique, P., Evans, A., Le Brun, B., Nédellec, J.L., Winter, Th., Zornette, N., Mirgon, C., and 668 

Imbault, M., 2008. Plan de prévention des risques naturels prévisibles - PPR de la commune 669 

d'Epagny - Premier livret: Présentation, Bureau des recherches Géologiques et Minières (BRGM), 670 

84 pp. (in French) 671 

Downes, G., and Yetton, M., 2012. Pre-2010 historical seismicity near Christchurch, New Zealand: The 672 

1869 Mw 4.7-4.9 Christchurch and 1870 Mw 5.6-5.8 Lake Ellesmere earthquakes, New Zealand 673 

Journal of Geology and Geophysics 55, 199-205. 674 

Dowrick, D.J., and Rhoades, D.A., 1998. Attenuation of Modified Mercalli intensity in New Zealand 675 

earthquakes, Bulletin of the New Zealand National Society for Earthquake Engineering 32, 55-89.  676 



 

Dufumier, H. 2002. Synthesis of magnitude and focal mechanism computations for the M≥4.5 677 

earthquakes in France for the period 1995-2000, Journal of Seismology 6, 163–181. 678 

DuRoss, C., 2011. Liquefaction in the April 15, 2010, M4.5 Randolph earthquake. Survey Notes 43(1), 679 

January, Utah Geological Survey, p.7. 680 

Electrical Power Research Institute (EPRI), 2006. Program on Technology Innovation: Use of 681 

Cumulative Absolute Velocity (CAV) in Determining Effects of Small Magnitude Earthquakes on 682 

Seismic Hazard Analyses, EPRI 1014099, Palo Alto, CAGalli, P., 2000. New empirical 683 

relationships between magnitude and distance for liquefaction, Tectonophysics 324, 169-187. 684 

Gasperini, P., Bernardini, F., Valensise, G., and Boschi, E., 1999. Defining seismogenic sources from 685 

historical earthquake felt reports, Bulletin of the Seismological Society of America 89, 84-110. 686 

Gingery, J.R., 2003. Embankment failure from liquefaction and other damage in the 20 April 2002 Au 687 

Sable Forks, NY earthquake, Proc. 12th Pan‐ American Conf. on Soil Mechanics and Geotechnical 688 

Engineering, Cambridge, Massachusetts, June 2003. 689 

Goda, K., Atkinson, G.M., Hunter, J.A., Crow, H., and Motazedian, D., 2011. Probabilistic liquefaction 690 

hazard analysis for four Canadian cities, Bulletin of the Seismological Society of America 101, 190-691 

201. 692 

Green, R.A., Wood, C., Cox, B., Cubrinovski, M., Wotherspoon, L., Bradley, B., Algie, T., Allen, J., 693 

Bradshaw, A., and Rix, G., 2011. Use of DCP and SASW tests to evaluate liquefaction potential: 694 

Predictions vs. observations during the recent New Zealand earthquakes, Seismological Research 695 

Letters 82, 927-938. 696 

Green, R.A., Cubrinovski, M., Cox, B., Wood, C., Wotherspoon, L., Bradley, B., and Maurer, B., 2014. 697 

Select liquefaction case histories from the 2010-2011 Canterbury earthquake sequence, Earthquake 698 

Spectra 30, 131-153. 699 

Green, R.A., Wotherspoon, L.M., and Cubrinovski, M., 2018a. Chapter 8: Damage and Restoration to 700 

River Stopbanks, Earthquake-Flood Multi-Hazard Impacts on Lifeline Systems (Sonia Giovinazzi, 701 

Deidre Hart, and Craig Davis, eds.), ASCE Monograph. (in press) 702 

Green, R.A., Bommer, J.J., Stafford, P.J., Maurer, B.W., Edwards, B., Kruiver, P.P., Rodriguez-Marek, 703 

A., de Lange, G., Oates, S.J., Storck, T., Omidi, P., Bourne, S.J., and van Elk, J., 2018b. 704 

Liquefaction hazard pilot study for the Groningen region of the Netherlands due to induced 705 

seismicity (J. van Elk and D. Doornhof, eds.), Nederlandse Aardolie Maatschappij B.V. (NAM), 706 

Netherlands, 175pp. 707 

Green, R.A., Bommer, J.J., Rodriguez-Marek, A., Maurer, B., Stafford, P., Edwards, B., Kruiver, P.P., 708 

de Lange, G., and van Elk, J., 2018c. Addressing limitations in existing ‘simplified’ liquefaction 709 



 

triggering evaluation procedures: application to induced seismicity in the Groningen gas field, 710 

Bulletin of Earthquake Engineering, https://doi.org/10.1007/s10518-018-0489-3. 711 

Hakuno, M. 2004. Ground liquefaction is not dangerous for human lives, Proc. 13th World Conference 712 

on Earthquake Engineering, Aug 1-6, Vancouver, B.C., Canada, Paper No. 3225. 713 

Harkness, E.L., and Hassanain, M.A. 2002. Seismic damage in NSW, Australia: Construction 714 

insurance, social, and economic consequences, Journal of Performance of Constructed Facilities 715 

16(2), 75-84. 716 

Holzer, T.L., Jayko, A.S., Hauksson, E., Fletcher, J.P.B., Noce, T.E., Bennett, M.J., Dietel, C.M., and 717 

Hudnut, K.W., 2010. Liquefaction caused by the 2009 Olancha, California (USA), M5.2 718 

earthquake, Engineering Geology 116, 184-188. 719 

Hough, S. E., 2014. Shaking from injection-induced earthquakes in the central and eastern United 720 

States, Bulletin of the Seismological Society of America 104(5), 2619-2626. 721 

Idriss, I.M., 1999. An update to the Seed-Idriss simplified procedure for evaluating liquefaction 722 

potential, Proc. TRB Workshop on New Approaches to Liquefaction, Publication No. FHWA-RD-723 

99-165, Federal Highway Administration, Washington, D.C. 724 

International Residential Code (IRC), 2007. International Residential Code 2006, New Jersey Edition, 725 

International Code Council, Inc., Country Club Hills, IL, USA. 726 

Iwasaki, T., Tatsuoka, F., Tokida, K., and Yasuda, S., 1978. A practical method for assessing soil 727 

liquefaction potential based on case studies at various sites in Japan, Proc. 2nd Intern. Conf. 728 

Microzonation, Nov 26-Dec 1, San Francisco, CA, USA, 885-896.  729 

Keefer, D.K., 1984. Landslides caused by earthquakes, Geological Society of America Bulletin 95, 406-730 

421. 731 

Klose, C.D., 2007. Geomechanical modeling of the nucleation process of the 1989 Newcastle 732 

earthquake in Australia, Earth and Planetary Science Letters 256, 547–553. 733 

Knezevic Antonijevic, S., Arroucau, P., and Vlahovic, G., 2013. Seismotectonic model of the Kraljevo 734 

3 November 2010 Mw 5.4 earthquake sequence, Seismological Research Letters 84(4), 600-610. 735 

Kolawole, F., Atekwana, E.A., and Ismail, A., 2017. Near-surface electrical resistivity investigation of 736 

coseismic liquefaction-induced ground deformation associated with the 2016 Mw 5.8 Pawnee, 737 

Oklahoma, earthquake, Seismological Research Letters 88, 1017-1023.  738 

Koukouvelas, I., Mpresiakas, A., Sokos, E., and Doutsos, T., 1996. The tectonic setting and earthquake 739 

ground hazards of the 1993 Pyrgos earthquake, Peloponnese, Greece, Journal of the Geological 740 

Society, London 153, 39–49. 741 

Kramer, S.L., and Mayfield, R.T., 2007. Return period of soil liquefaction, Journal of Geotechnical 742 

and Geoenvironmental Engineering 133, 802-813.  743 



 

Kuribayashi, E., and Tatsuoka, F., 1975. Brief review of liquefaction during earthquakes in Japan. Soils 744 

& Foundations 15(4), 81-92. 745 

Lasley, S., Green, R.A., and Rodriguez-Marek, A., 2016. A new stress reduction coefficient relationship 746 

for liquefaction triggering analyses, Journal of Geotechnical and Geoenvironmental Engineering 747 

142, 06016013-1. 748 

Lasley, S., Green, R.A., and Rodriguez-Marek, A., 2017. Number of equivalent stress cycles for 749 

liquefaction evaluations in active tectonic and stable continental regimes, Journal of Geotechnical 750 

and Geoenvironmental Engineering 143, 04016116-1. 751 

Liao, S.S.C., Veneziano, D., and Whitman, R.V., 1988. Regression models for evaluating liquefaction 752 

probability, Journal of Geotechnical Engineering 114, 389–411. 753 

Marsh, M.L., Buckle, I.G., and Kavazanjian, Jr., E., 2014. LRFD Seismic Analysis and Design of 754 

Bridges Reference Manual, FHWA NHI-15-004, National Highway Institute, U.S. Department of 755 

Transportation, Federal Highway Administration, Washington, D.C. 756 

Maurer, B.W., Green, R.A., Cubrinovski, M., and Bradley, B.A., 2014. Evaluation of the Liquefaction 757 

Potential Index for assessing liquefaction hazard in Christchurch, New Zealand, Journal of 758 

Geotechnical and Geoenvironmental Engineering 140, 04014032.  759 

Maurer, B.W., Green, R.A., and Taylor, O.-D.S., 2015. Moving towards an improved index for 760 

assessing liquefaction hazard: Lessons from historical data, Soils & Foundations 55, 778-787.  761 

McCue, K., Wesson, V., and Gibson, G., 1990. The Newcastle, New South Wales, earthquake of 28 762 

December 1989, BMR Journal of Australian Geology & Geophysics 11, 559- 567.  763 

Melchers, R.E. (ed.) 1990. Newcastle earthquake study. Report of The Institution of Engineers, 764 

Australia. 765 

Meyerhof, G.G., 1956. Penetration tests and bearing capacity of cohesionless soils, Journal of the Soil 766 

Mechanics and Foundation Division 82, 1-19. 767 

Meyerhof, G.G., 1974. Penetration Testing Outside Europe, General report at the European Symposium 768 

on Penetration Testing, ESOPT, Stockholm, 2.1, 40-8, Balkema Publishers, Rotterdam. 769 

Michetti, A.M., Livio, F., Chunga, K., Esposito, E., Fanetti, D., Gambillara, R., Martin, S., Pasquaré, 770 

F., Porfido, S., Sileo, G., and Vittori, E., 2005. Ground effects of the ML 5.2, November 24, 2004, 771 

Salò earthquake, Northern Italy, and the seismic hazard of the western Southern Alps. Rendiconti 772 

della Società Geologica Italiana 1, 134-135. 773 

Mitchell, J.K., and Green, R.A., 2017. Some induced seismicity considerations in geo-energy resource 774 

development, Geomechanics for Energy and the Environment 10, 3-11. 775 

Morgan, M.L., and Morgan, K.S., 2011. Preliminary damage report of the August 22, 2011 Mw 5.3 776 

earthquake near Trinidad, Colorado. Colorado Geological Survey. 777 



 

Musson, R.M.W., 1998. The Barrow-in-Furness earthquake of 15 February 1865: Liquefaction from a 778 

very small magnitude earthquake, Pure & Applied Geophysics 152, 733-745. 779 

Naval Facilities Engineering Command (NAVFAC), 1986. Foundations and earth structures, Design 780 

Manual (DM)-7.02, Naval Facilities Engineering Command, U.S. Government Printing Office, 781 

Washington, D.C.  782 

Nieuwenhuis, J.D., 1994. Liquefaction and the 1992 Roermond earthquake, the Netherlands, Geologie 783 

en Mijnbouw 73, 357-364. 784 

Novakovic, M., Atkinson, G. M., and Assatourians, K., 2018. Empirically calibrated ground-motion 785 

prediction equation for Oklahoma, Bulletin of the Seismological Society of America 108, 2444–786 

2461. 787 

Pankow, K., Arabasz, W.J., Carey, R., Christenson, G., Groeneveld, J., Maxfield, B., McDonough, 788 

P.W., Welliver, B., and Youd, T.L., 2015. Scenario for a magnitude 7.0 earthquake on the Wasatch 789 

Fault-Salt Lake City Segment, Earthquake Engineering Research Institute, Oakland CA, 4 June, 60 790 

pp. 791 

Papadopoulos, G.A., 1993. The 20 March 1992 South Aegean, Greece, earthquake (MS=5.3): possible 792 

anomalous effects, Terra Nova 5(4), 399-404. 793 

Papadopoulos, G.A., and Lefkopoulos, G., 1993. Magnitude-distance relations for liquefaction in soil 794 

from earthquakes, Bulletin of the Seismological Society of America 83(3), 925-938. 795 

Papanikolaou, I.D., Papanikolaou, D.I., and Lekkas, E.L., 2009. Advances and limitations of the 796 

Environmental Seismic Intensity scale (ESI 2007) regarding near-field and far-field effects from 797 

recent earthquakes in Greece: implications for the seismic hazard assessment, Palaeoseismology: 798 

Historical and Prehistorical records of earthquake ground effects for seismic hazard assessment 799 

(K. Reicherter, A.M. Michetti, and P.G. Silva, eds). The Geological Society, London, Special 800 

Publications 316, 11–30.  801 

Pierre J.-R., and Lamontagne, M., 2004. The 20 April 2002, Mw5.0 Au Sable Forks, New York, 802 

earthquake: A supplementary source of knowledge on earthquake damage to lifelines and buildings 803 

in Eastern North America, Seismological Research Letters 75(5), 626-636. 804 

Quigley, M.C., Bastin, S., and Bradley, B.A., 2013. Recurrent liquefaction in Christchurch, New 805 

Zealand, during the Canterbury earthquake sequence, Geology 41(4), 419-422. 806 

Quinn, C.D., Glen, R.A., and Diessel, C.F.K., 2008. Discussion of “Geomechanical modeling of the 807 

nucleation process of Australia's 1989 M5.6 Newcastle earthquake” by C.D. Klose [Earth Planet. 808 

Sci. Lett. 256 (2007) 547–553], Earth and Planetary Science Letters 269(1–2), 296-302. 809 

Robertson, P.K., 2015. Guide to cone penetration testing, 6th Ed., Gregg Drilling & Testing, Inc., Signal 810 

Hill, CA.  811 



 

Rodríguez, C.E., Bommer, J.J., and Chandler, R.J., 1999. Earthquake-induced landslides 1980-1997, 812 

Soil Dynamics & Earthquake Engineering 18(5), 325-346. 813 

Rodriguez-Arriaga, E., and Green, R.A., 2018. Assessment of the cyclic strain approach for calculating 814 

liquefaction triggering. Soil Dynamics & Earthquake Engineering 113, 202-214.. 815 

Rubinstein, J.L., Ellsworth, W.L., McGarr, A., and Benz, H.M. 2014. The 2001-present induced 816 

earthquake sequence in the Raton Basin of northern New Mexico and southern Colorado, Bulletin 817 

of the Seismological Society of America 104, 2162–2181. 818 

Santucci de Magistris, F., Lanzano, G., Forte, G., and Fabbrocino, G., 2013. A database for PGA 819 

threshold in liquefaction occurrence, Soil Dynamics & Earthquake Engineering 54, 17-19. 820 

Seeber, L., Kim, W.-Y., Armbruster, J.G., Du, W.-X., and Lerner-Lam, A. 2002. The 20 April 2002 821 

Mw 5.0 earthquake near Au Sable Forks, Adirondacks, New York: A first glance at a new sequence, 822 

Seismological Research Letters 73, 480–489. 823 

Sims, J.D., and Gavin, C.D., 1995. Recurrent liquefaction induced by the 1989 Loma Prieta earthquake 824 

and 1990 and 1991 aftershocks: Implications for paleoseismicity studies, Bulletin of the 825 

Seismological Society of America 85(1), 51-65. 826 

The Argus 1903. The Warrnambool earthquake. Available online at (last accessed 4th October 2018): 827 

https://trove.nla.gov.au/newspaper/article/9812330. 828 

The Register 1903. The Warrnambool earthquake. Available online at (last accessed 4th October 2018): 829 

https://trove.nla.gov.au/newspaper/article/56216471. 830 

Tonkin & Taylor 2013. Liquefaction vulnerability study, Report T&T Ref: 52020.0200/v1.0, prepared 831 

for the New Zealand Earthquake Commission, Auckland, New Zealand. 832 

Wood, C.M., Cox, B.R., Green, R.A., Wotherspoon, L., Bradley, B.A., and Cubrinovski M., 2017. Vs-833 

based evaluation of select liquefaction case histories from the 2010-2011 Canterbury earthquake 834 

sequence, Journal of Geotechnical and Geoenvironmental Engineering, 143, 04017066-1.  835 

Youd, T.L., Idriss, I.M., Andrus, R.D., Arango, I., Castro, G., Christian, J.T., Dobry, R., Finn, W.D.L., 836 

Harder Jr., L.F., Hynes, M.E., Ishihara, K., Koester, J.P., Liao, S.S.C., Marcuson III, W.F., Martin, 837 

G.R., Mitchell, J.K., Moriwaki, Y., Power, M.S., Robertson, P.K., Seed, R.B., and Stokoe II, K.H., 838 

2001. Liquefaction resistance of soils: Summary report from the 1996 NCEER and 1998 839 

NCEER/NSF workshops on evaluation of liquefaction resistance of soils, Journal of Geotechnical 840 

and Geoenvironmental Engineering 127, 817–833. 841 

https://trove.nla.gov.au/newspaper/article/9812330
https://trove.nla.gov.au/newspaper/article/56216471

