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1 INTRODUCTION 
 
The use of in situ tests for evaluating soil liquefaction 
potential in the engineering design and in performing 
case history analysis where soil liquefaction did occur 
during an earthquake event has increased signifi-
cantly, particularly with respect to the cone penetrom-
eter, as is illustrated by the papers submitted to this 
Section of ICS5 and summarized in this Report. 
There is a clear recognition that evaluation of soil liq-
uefaction is a challenging task in all steps of the pro-
cess including liquefaction triggering, liquefaction-
induced ground deformation and impacts on build-
ings and infrastructure. This has been well illustrated 
in the experiences from recent earthquakes in New 
Zealand, Japan and Italy which have highlighted 
some of the complexities of liquefaction phenomena, 
and have demonstrated the inter-related effects of 
various influencing factors. These case history evi-
dence together with the continuing research efforts 
using in situ testing, experimental and numerical 
studies have driven the development and further evo-
lution of liquefaction evaluation procedures. 

In addition to these well established penetration 
tests, there are attempts to develop new devices ad-
dressing the evaluation of particular soils. Im-
portantly, there are significant efforts to make use of 
multiple parameters and testing approaches in order 
to combine different facets of stress-strain character-
istics of soils and hence improve the predictive capac-
ity of models. There is an increased confidence on the 
use of dilatometer and pressuremeter devices, as well 
as an increase use of geophysical approaches in sup-
port of liquefaction evaluation, with emphasis to sur-
face seismic techniques or passive interpretation of  
 

ambient seismic noise wavefield (natural and hu-
man), which are particularly appealing for use in ur-
ban areas and offer the advantages of non-destructive 
testing. Besides this very qualitative information, lit-
tle information is available on the quantitative pro-
portions between body and surface waves, and within 
the different kinds of surface waves that may contrib-
ute to vibrations (Rayleigh/Love waves, fundamen-
tal/higher modes). The few available results, re-
viewed in Bonnefoy-Claudet et al. (2006), report that 
low frequency micro-tremors predominantly consist 
of fundamental Rayleigh waves, while there is no real 
consensus for higher frequencies (f > 1Hz). Different 
approaches were followed to reach these results, in-
cluding analysis of seismic noise at depth and array 
analysis to measure the phase velocity. 

The recent experiences in New Zealand, Japan and 
Italy have allowed new developments in Earthquake 
Induced Liquefaction Damage (EILD), where large 
geotechnical groups worked and are still working to-
gether in developing design guidelines for the appli-
cation of soil characterization and liquefaction risk 
assessment protocols (e.g. Cubrinovski et al. 2011a, 
b, c, Bray et al. 2014 – for the 22 February 2011 
Christchurch Earthquake; Boulanger 2012 – for the 
2011 Great East Japan Earthquake, Fioravante et al. 
2013 – for the 2012 Emilia-Romagna Earthquake). 
Key elements in these developments have been the 
extensive in situ and laboratory characterization of 
sites and soils that provide the basis for further ad-
vances in the liquefaction assessment.   

The papers overviewed in this Report are exam-
ples of some case histories (Rodrigues et al. 2016, Ba-
hadori & Hasheminezhad 2016, Castellaro 2016 and 
Klibbe 2016), application of newly developed tech-
niques to assess soil susceptibility to liquefaction 
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(Mirjafari et al. 2016, Sawada 2016, Roberts et al. 
2016 and Rollins et al. 2016), combination of results 
from different in situ tests (Monaco et al. 2016)  and 
relationships between different parameters to study 
liquefaction susceptibility (Fioravante & Giretti 
2016, Bán et al. 2016, Mengé et al.2016). 

2 EVALUATING SANDS CYCLIC 
LIQUEFACTION TRIGGERING  

 
A subject addressed recently is the incorporation of 
two important factors in liquefaction assessments 
from in situ tests: (i) Stress History - overconsolida-
tion and any other aging agents; and, (ii) cementation, 
which can also be related to time, therefore aging, but 
not only. In fact, natural and anthropic agents can 
generate inter-particle bonding that can largely 
change CRR estimates and therefore the risk indices 
commonly used in practice such as “Liquefaction 
Factor of Safety” (LFS), “Liquefaction Potential In-
dex” (LPI) and “Liquefaction Severity Number” 
(LSN) (van Ballegooy 2014) The possibility of reduc-
ing the uncertainty of the liquefaction resistance CRR 
estimates, by incorporating Stress History into the liq-
uefaction correlations, is therefore one of the current 
aims for research (Marchetti 2015, Robertson 2015, 
etc.). This is also discussed by Monaco et al. (2016), 
as they try to relate the CPTu results with the SDMT 
results and incorporate the information of the KD (re-
lated with stress history/OCR). Some disagreements 
seem to arise due to different interpretations of the 
consequences of aging on the unstable behaviour of 
soils under cyclic/seismic actions, specifically in re-
lation to the more or less sensitivity of flat dilatometer 
(DMT) tests results (KD) to stress-history and Shear 
Waves velocities (Vs measurements obtained from 
geophysical seismic tests, from surface or in hole, 
some complementing static cone and piezocone tests 
– SCPT and SCPTu) to cementation. 

Liquefaction methods based on Vs analysis have 
had significant developments over the last years since 
they have the advantage to be essentially independent 
of soil characteristics, such as fines content (this how-
ever can be identified by the stratigraphy obtained us-
ing the CPT, for instance). Relations between normal-
ized Vs values to clean sands [(Vs1)cs] and Qtn,cs for 
Holocene-age were proposed by Andrus et al. (2004), 
but  there is little difference observed between 
[(Vs1)cs] and Vs1, as pointed out by Robertson (2009) 
in a summary of SCPT data obtained in Holocene-age 
uncemented deposits from California comparing Vs1 
with Qtn,cs. 

 
As remarked by Robertson (2015), the most recent 

Vs-based method with a CPT-based method provides 
an independent evaluation of the associated correc-
tions applied to the CPT-based method. The method 
was essentially applied to case histories comprised of 

soils that are essentially normally consolidated with 
in situ stress ratio (K0) likely in the range 0.4 < K0 < 
0.7. For soils where K0 is significantly larger than 
around 0.5 it can introduce uncertainty, but Robertson 
suggests that a correction for K0 should be applied 
(e.g. Maki et al. 2014). 

But, comparing the current Vs-based method with 
a specific CPT-based method from the literature to 
evaluate the associated CPT-based corrections, it is 
decisive to combine CPT and Vs measurements to 
evaluate Liquefaction Triggering in sands that are not 
clean and/or un-cemented. Being certain that “Vs1–
liquefaction correlations require the cautionary un-
derstanding that some soils with unusual soil-specific 
void ratio–relative density characteristics  or bonding 
may exhibit liquefaction behaviour that differs from 
the generalized proposed relationships” (quoting 
Kayen et al. 2013), due to microstructure in soils, 
such as: aging, cementation, cold welding, etc., in-
creasing a soil strength, but even more stiffness, and 
specifically the very small stiffness (G0 determined 
from Vs measurements). The small strain shear mod-
ulus (G0 or Gmax), if properly normalised with respect 
to void ratio and/or effective stress, is in practical 
terms independent of the type of loading, number of 
loading cycles, strain rate, and stress/strain history (as 
described by Viana da Fonseca et al. 2011). So, it is a 
fundamental parameter of the ground, considered as a 
benchmark value, revealing its true elastic behaviour. 
This small-strain shear stiffness of a soil reflects the 
nature of interparticle contacts, such as the Hertzian 
deformation of contacting smooth spherical particles; 
the resulting nonlinear load-deformation response de-
termines the stress-dependent shear wave velocity 
(Cho et al. 2006). This is consistent with the general 
pattern of relations between shear wave (Vs) and ef-
fective stress state (p′/pa), as suggested by Santama-
rina (2005). This is why, the CPT tip resistance (qt) 
being predominately a large-strain measure of soil 
strength, tends to be less influenced by the strength of 
the bonds than G0 (and Vs), especially in lightly 
bonded soils. 

Quoting Eslaamizaad & Robertson (1996), the 
SCPT can therefore be helpful in identifying soils 
with “unusual” characteristics (i.e., soils with micro-
structure) based on a link between G0/qt and Qtn, since 
both aging and bonding tend to increase the small-
strain stiffness (G0) significantly more than they in-
crease the large-strain strength of a soil (reflected in 
Qtn, the normalized value proposed by Robertson 
2009). Schneider & Moss (2011) extended the link 
between CPT and Vs to establish a method to evaluate 
the threshold to trigger liquefaction in sandy soils 
with microstructure, suggesting the use of an empiri-
cal parameter, KG, which was slightly modified by 
Robertson (2015) to use qt instead of qc and Qtn in-
stead of qc1N : KG =  (G0/qt) Qtn

0.75. Soils with little or 
no microstructure (i.e., young Holocene-age, sandy 
soils with no bonding), will have 110 < KG < 330, 

218



with an average of 215, which allows easily to evalu-
ate if a soil with KG > 330 can be considered to have 
“unusual” characteristics (i.e., microstructure) in 
terms of the application of the liquefaction triggering 
correlations. Then, the author considers that the lower 
limits of liquefaction resistance can be defined where 
induced cyclic strains are less than the elastic thresh-
old shear strain, γth, this being  independent of the 
number of cycles of typical earthquakes (<30 cycles) 
and has a value of about 1 × 10−4. A cyclic stress ratio 
at the threshold strain (CSRth) for a normalized small 
strain shear module, G01, is proposed by Robertson 
(2015), which is essentially independent of earth-
quake magnitude, since any cyclic stress ratio less 
that CSRth will not exceed the elastic threshold strain 
and liquefaction will not result, since excess pore 
pressures will not develop. It has been suggested 
while at low values of Qtn, small-strain stiffness con-
trols liquefaction resistance (Schneider & Moss 
2011), at higher values of Qtn the consequences of liq-
uefaction are limited by soil dilation, being correla-
tions based on CPT Qtn more applicable. Robertson 
(2015), in view of previous work associate these two 
behaviours to: Qtn,cs < 70, where shear strains quickly 
become very large (>20%) when liquefaction is trig-
gered and Qtn,cs > 70, for which when the threshold 
strain is exceeded, strains tend to accumulate more 
slowly and dilation tends to play an increasing role, 
respectively. 

Finally, to account for soil aging on the resistance 
to cyclic loading based on CPT and Vs results, an ap-
proach considers a correction to cyclic resistance ra-
tio (KDR) which involves a ratio between values of Vs1 
measured in situ and Vs1, estimated for a very young 
unbounded soil, namely in reconstituted soils (An-
drus et al. 2009, and Hayati & Andrus 2009). An al-
ternative and simpler approach suggested by Schnei-
der & Moss (2011) has the advantage that a 
generalized value for KGE (∼200) can be assumed that 
does not require selection of a specific relationship 
between CPT and Vs with the associated uncertainty. 

Some references are due to articles that have ad-
dressed the topic of the use of DMT to assess lique-
faction. One of the most interesting is the one recently 
published in ASCE J. Geotech. Geoenviron. Engng., 
where the authors study how the overconsolidation in 
sand affects the behaviour of granular soils in the re-
search site of Treporti, Venice Lagoon (Monaco et al. 
2014). A trial embankment was built and removed af-
ter 5 years, while SDMTs and SCPTu were per-
formed before and after the construction and after the 
removal of the embankment. The overconsolidation 
of the deposits was estimated and an OCR-KD graph 
was produced, comparing CPT (in terms of qc) and 
DMT (in terms of MDMT or KD) interpretation. They 
conclude that DMT appears to be more sensitive than 
CPT to the OCR. Other studies, very recent and still 
under publishing processes, have been developed in 
real earthquake areas (L'Aquila and Emilia Romagna, 

in Italy), and where CPT and SDMT data in sands and 
silty sands where extensively performed, showed that 
there is a good agreement between CPT and DMT liq-
uefiability estimation (discussed by Monaco et al. 
2016), while Vs seems to underestimate the liquefac-
tion potential.  

Analyses have to be carried out to produce a good 
framework and establish sound basis for these ap-
proaches, but some doubts remain, particularly for 
silts or silty-sands, which can be less sensitive to KD. 
This seems to be the case of the preliminary DMT re-
sults analyses of the evidences of large liquefied areas 
in one of the more extensive known database of recent 
seismic events (the 2010-11 Canterbury-New Zea-
land earthquakes). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Sensitivity of CPT and DMT to stress history: (a) 
CPT; (b) DMT (Marchetti, 2015) 

 
Still, mostly in sandy soils, Marchetti (2015) 

proves that the Flat Dilatometer (DMT) Horizontal 
Stress Index, KD, is very sensitive to Stress History 
(as it is mostly revealing indirect overconsolidation 
by the detection of high value of horizontal stress 
state –see Fig. 1). Because of this, KD is equally sen-
sitive to liquefaction assessment in low as in high 
penetration resistances, that is, for soils that resist to 
liquefaction in conditions where the instability is trig-
gered with the increase of pore pressure to annul the 
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effective stress (pure concept of liquefaction col-
lapse) or when the liquefaction is due to excessive 
strain accumulation. 

CRR estimation is hereby based not on the one-to-
one correlations CRR- Qcn or CRR- KD, but on a cor-
relation based at the same time on both Qcn and KD. 
A Qcn - KD –CRR correlation has been constructed by 
combining the current CRR- Qcn and CRR- KD corre-
lations. Monaco et al. (2016) use this combination of 
methods to perform a liquefaction analyses at a site in 
Bondeno, near the region where the May 2012 Emi-
lia- Romagna (Italy) seismic sequence struck. It is ex-
pectable that an estimate based at the same time on 
two measured parameters would be more accurate 
than estimates based on just one parameter (Marchetti 
2016). Figure 3 is a framework for initiating the ac-
cumulation of co-located Qcn - KD -CRR datapoints. 

In view of that, the known CRR - Qcn (similar to 
Qtn) correlation, based on results of a large number of 
documented earthquake case histories data proposed 
by Idriss and Boulanger (2006), which is slightly 
more conservative than the previous Robertson and 
Wride (1998): 

 
  

        



  34114/380/267/540/exp cnQcnQcnQcnQCRR  (1) 

   
which was integrated with the CRR - KD correla-

tion based on the above CRR - Qcn combining it with 
Qcn =25 KD, following a procedure suggested by Rob-
ertson (2012). According to Marchetti (2015), this ra-
tio Qcn / KD =25, is highly approximate, since it was 
obtained by interpolating a straight line through the 
Tsai et al. (2009) data – Figure 2 a) -, but comple-
mented by the author with new data points (Fig. 2 a), 
b), c)).  

The data are for a DMT material index Id > 3, i.e., 
for clean sand. The high dispersion in the KD-Qcn re-
lation is, to a large extent, the consequence of the 
higher reactivity of KD to stress history (Fig. 1). As 
stated by Marchetti (2015), if the scatter were small, 
it would mean that Qcn and KD contain equivalent in-
formation, which is negated by Fig. 2c). The high 
scatter indicates that KD contributes fresh collateral 
independent information to the characterization of the 
sand. So, a key factor that can differentiate the highest 
applicability of Vs (G0) – qc approaches versus KD in 
different soils can be the presence of fines or/and the 
type of aging that was developed in the history of the 
ground.  
 

 
Figure 2. KD-Qcn relations: (a) from five Taiwan sand sites; (b) 
from Treporti research site; (c) from calibration chamber results 
(data from Baldi et al. 1986); (d) derived from Figure 1 
 

The author presents an approach that combines the 
CRR-Qcn correlation and the CRR-KD correlation 
adopting as CRR the geometric average between a 
first CRR estimate obtained from Qcn (Equation (2)) 
and a second CRR estimate obtained from KD: 

    5.0. DCRRfromKcnCRRfromQAverageCRR   (2) 

 
This solution is plotted in Figure 3 as a function of 
Qcn. 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 3. Chart for estimating CRR in clean uncemented sand 
based on Qcn and KD (Marchetti, 2016) 
 
 
This figure was constructed with clean un-cemented 
sand in mind. But as Marchetti (2015) refers, if the 
sand contains fines or is cemented, estimating CRR is 
much more complex. Transcribing his final remarks, 
the cementation can be ductile (toothpaste like) or 
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fragile (glasslike), a quality that affects either Qcn or 
KD and the sand liquefaction behaviour. And also, 
fine content may possibly have effects similar to a 
ductile cementation. Clearly the unknowns are too 
many and it may not be sufficient to add the KD infor-
mation to Qcn. The knowledge of G0 (small strain 
shear modulus) could help, because high G0=qc 
and/or high G0=MDMT (Schnaid et al. 2004; Cruz et 
al. 2012) are also indicators of cementation. Even the 
dilatometer modulus ED from DMT could possibly 
help. 

In conclusion, the authors emphasise the need for 
considerable additional study in case of sands that are 
not clean and/or un-cemented. 

3 COMMENTARY ON THE LIQUEFACTION 
EVALUATION 

 
The 2010-2011 earthquakes that struck the region of 
Canterbury and the city of Christchurch (New Zea-
land), in particular, provided abundance of liquefac-
tion observations and a large number of well docu-
mented case histories that captured important details 
on the liquefaction manifestation and its impacts on 
land, buildings and infrastructure. A comprehensive 
field investigations including thousands of CPTs and 
extensive Vs profiling were performed to characterise 
the sites and soils of Christchurch. In addition, a num-
ber of research-led studies provided detailed site and 
soil characterization using closely spaced CPTs, Vs 
measurements through cross-hole testing, and labora-
tory tests on undisturbed samples recovered from crit-
ical soil layers. Some comments from these observa-
tions and ongoing studies are provided below which 
directly link to or address issues discussed in papers 
presented in this session. 

One may argue that, by and large, three group of 
factors have to be addressed in the liquefaction as-
sessment related to the: 

 
a) Material characteristics of the soil 
b) In situ state of the soil, and 
c) Site response of the soil deposit specific to 

earthquake induced liquefaction 
 

Material characteristics would include grain-size 
composition (across all fractions), soil plasticity, and 
particle shape, to mention few properties of particular 
significance. The in situ state of the soil would incor-
porate the soil density, effective overburden stresses, 
fabric (related to the depositional environment), and 
aging and overconsolidation effects (discussed in the 
previous section). Finally, when considering the site 
response relevant for the liquefaction evaluation, in-
teraction between different layers within the soil pro-
file (including effects on the dynamic response, de-
velopment and dissipation of excess pore pressures, 
and consequent water flow), partial saturation in parts 

of the deposit, presence of strong and competent crust 
layer at the ground surface (in relative terms, for the 
soils at the site and structure considered), and micro- 
and macro-structures in the stratification of interbed-
ded deposits all contribute to the complexities in the 
evolution and manifestation of liquefaction in the 
field. Boulanger et al. (2016) provide an excellent 
summary of factors affecting prediction of liquefac-
tion effects in interbedded soil deposits, and discuss 
some of the challenges in the characterization of spa-
tially heterogeneous deposits. 

For clean sands and uniform deposits, many of the 
above factors (e.g. grain-size composition, plasticity, 
interaction between layers) are either not critically 
important or their effects can be estimated reasonably 
well, and the effects of others (e.g. density, overbur-
den stress) are reasonably well defined in the current 
state-of-the-art methodology. In addition to the 
above, the empirical relationships specific to particu-
lar penetration tests (CPT, SPT) are well calibrated. 
However, the above is certainly not the case once 
sands with fines of different content and plasticity are 
discussed. For example, one source of uncertainty in 
the liquefaction triggering estimates based on pene-
tration tests, in which clean sand is used as a refer-
ence, is that the addition of fines in a given sand 
would change the density of the soil and would also 
change its liquefaction resistance as well as its pene-
tration resistance. In the well-known NCEER ap-
proach, Youd et al. (2001) state: “In the original de-
velopment, Seed et al. (1985) noted an apparent 
increase of CRR with increased fines content. 
Whether this increase is caused by an increase of liq-
uefaction resistance or a decrease of penetration re-
sistance is not clear.” Some recent studies have 
shown that the effects of fines on the penetration re-
sistance are significant, and that the leftward shift in 
SPT (CPT) liquefaction triggering correlations with 
increasing fines content is largely attributable to the 
effects of the fines on the penetration resistance (Cu-
brinovski et al. 2010; Price et al. 2015). This suggests 
that quantifying the effects of particle sizes, grain-
size composition and soil plasticity on specific pene-
tration tests is needed in order to provide better esti-
mates for the effects of fines and their plasticity on 
the SPT- or CPT-based liquefaction triggering corre-
lations. In this context, approaches based on the soil 
behaviour type index Ic (e.g. Robertson & Wride 1998 
and updated versions) or fines content (e.g. Boulan-
ger & Idriss 2015) will be subject to further improve-
ment as some of the above effects are better quanti-
fied.  

When evaluating the appropriateness of specific 
testing procedures for liquefaction evaluation, we 
need to recognize the significant differences in soil 
profiles and geotechnical conditions that may be en-
countered in the evaluation. To illustrate this, CPT 
data for two sites in Christchurch are shown in Figure 
4 using cone tip resistance (qc) and soil behaviour 
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type index (Ic) throughout the depth of the deposits. 
They represent typical but dramatically different soil 
profiles of Christchurch soils which in the top 10 m 
consist of: (a) predominantly uniform fine sands with 
relatively low penetration resistance or high liquefac-
tion potential, with a 2-3 meters thick silty sand layers 
of high liquefaction potential near the surface (Fig. 
4(a)), and (b) highly stratified deposits of silty sand 
and silt layers interbedded with non-liquefiable soils 
(Ic > 2.6). Undisturbed soil samples recovered from 
these sites (Beyzaei et al. 2015; Stringer et al. 2015) 
showed clear micro-structure or well-defined layers 
of different grains sizes in millimetres and centime-
tres scales in addition to the macro-structure and lay-
ering clearly depicted by the CPT traces. Boulanger 
et al. (2016) discuss the limitations in the spatial res-
olution of property estimates from CPT data in such 
deposits. Needless to say, surface waves approaches, 
as demonstrated in the presented papers, would have 
very severe limitations in this context and would not 
be applicable even to deposits with significantly 
coarser stratification.  

By and large, penetration based methods per-
formed better in uniform sand deposits and showed 
poorer predictive capacity in highly stratified soils 
consisting of silty sands, sands and non-liquefiable 
soils. The simplified methods were generally con-
servative and over-predicted occurrence and conse-
quences of liquefaction in such deposits. With all of 
the above in mind, it is not surprising that Vs-based 
approaches were less successful in predicting lique- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
(a) Uniform fine sand deposit 
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b) Highly stratified deposit of silty sand and sand layers interbedded 
with non-liquefiable soils 

 
Figure 4. Characteristic CPT profiles of Christchurch Soils 

 
faction occurrence for the soils in Christchurch. The 
previous section highlights, however, that different 
parameters have different contributions in the lique-
faction evaluation, and in this context it is encourag-
ing to see a number of studies presented in this ses-
sion in which multi-parameter approaches have been 
used in an attempt to exploit particular beneficial con-
tributions of a given parameter in the liquefaction pre-
diction. Given the complexities of the liquefaction 
phenomena mentioned above, it is anticipated that in-
tegrated approaches including not only different types 
of in situ tests but also laboratory testing and numer-
ical analyses would provide means for further ad-
vancements of liquefaction assessment procedures. 

4 COMMENTARY ON PAPERS ON 
EARTHQUAKE INDUCED LIQUEFACTION 
DAMAGE (EILD) 

In this session distinct and complementary ap-
proaches are presented covering a wide range of is-
sues in the evaluation of liquefaction. These include 
advances in the development of in situ testing equip-
ment, combined use of different (complementary) in 
situ tests, interpretation of measured in situ data for 
evaluation of liquefaction potential, and liquefaction 
assessment of crushable calcareous sands that cannot 
be evaluated based on the empirical database for 
quartz and feldspar sands. In the following sections, 
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a brief outline of the papers and summary of key find-
ings are presented, while readers are referred to the 
papers for details. 

5 LIQUEFACTION EVALUATION BASED ON 
SHEAR WAVE VELOCITY  

Castellaro, Panzeri: A surface seismic approach to 
liquefaction 

The paper focuses on surface seismic approaches 
to liquefaction evaluation based on SASW. The au-
thors specifically explore the use of active and pas-
sive seismic techniques based on the measurement of 
surface waves and explore their performance in liq-
uefaction evaluation of soils.  

The authors classified 84 sites, in the area struck 
by the 2012 Emilia Earthquake (Italy), into four clas-
ses (A, B, C, D) and employed the Vs-based method 
proposed by Kayen et al. (2013) to predict liquefac-
tion triggering (and surface manifestation) at the 84 
case history sites. They found that ‘global’ Vs values 
derived based on the surface-wave methods could not 
discriminate between the sites at which liquefaction 
was manifested at the ground surface (A) and those 
with generally similar conditions that did not mani-
fest liquefaction (B). The limitations of this method 
can be linked to the insensitivity of the seismic sur-
face-wave based measurements to identify details of 
stratigraphy required in the identification of liquefia-
ble horizons. For the particular depositional environ-
ment considered, the authors discuss that a simple 
analysis of the Rayleigh wave phase velocity spectra 
(in the frequency domain, with no inversion) could be 
useful in preliminary liquefaction evaluation. It is 
concluded that measuring VS in boreholes or in the 
laboratory (when the collection of undisturbed sam-
ples is possible) has the advantage of providing more 
accurate values at the specific depth of interest but at 
the expense of higher costs and invasiveness com-
pared to the geotechnical methods and of the same 
point validity.  They have verified the applicability of 
seismic active and passive multichannel modern sur-
face wave techniques in the prediction of liquefaction 
potential, using data from two earthquakes that oc-
curred in Po Plain (Northern Italy) in 2012, causing 
extensive liquefaction. The geophysical surveys 
showed that the Rayleigh wave phase velocity spectra 
were clustered into three groups only: classes A and 
B were found to be indistinguishable from a seismic 
point of view, being this limitation due to the resolu-
tion of the adopted seismic methods, a function of the 
‘exploring wavelength’, making seismic layers such 
as the sands under investigation – which are just 2–4 
m thick and have VS just a few ten of meters higher 
than the surrounding clay-silt – practically invisible 
at depths greater than 4–5 m. Even the probabilistic 
and deterministic methods to assess the liquefaction 
potential of sands through the VS measurement failed 

in the case of the present study since classes A and B 
soils were found to be randomly distributed between 
the liquefaction and non-liquefaction zones, while 
predictive power exists for class C soils, which, as 
they represent deep sands, fall in the non-liquefaction 
zone. However, the geotechnical approach based on 
the tip resistance of the CPT to assess the liquefaction 
potential was found to be more successful. The reason 
for the failure of the surface geophysical method 
seems to be linked, therefore, not to specific features 
of the sands in this area, but to the insensitivity of the 
seismic surface-wave based methods (MASW, ReMi, 
ESAC, SPAC, and many others) used to the details of 
stratigraphy for this specific goal. However, it seems 
that the simple analysis of the Rayleigh wave phase 
velocity spectra, before any inversion procedure, can 
be used as it suggests the presence of sand or clay. It 
was possible to build a ‘caution against liquefaction’ 
graph that can – after specific extra studies in differ-
ent geological settings – also be applied. 

6 PENETRATION TESTS AND DEVICES  

Rollins, Youd, Talbot: Liquefaction Resistance of 
Gravelly Soil from Becker Penetrometer (BPT) and 
Chinese Dynamic Cone Penetrometer (DPT) 

Figure 5. BPT (N1)60 vs. DPT N'120 for gravel, automatic hammer 
with best-fit correlation line (Rollins et al. 2016) 

 
Liquefaction assessment of gravelly soils has been 

one of the challenging topics in this area, because the 
principal penetration tests used in the liquefaction 
evaluation (CPT and SPT) are not generally useful in 
gravelly soils. The large particle size of gravels (rela-
tive to the penetration probe) results either in a refusal 
or inconsistent correlations for CPT and SPT. Hence, 
the paper focuses on a comparison between the BPT 
and the Chinese DPT, two tests specifically devel-
oped for evaluation of gravelly soils. The motivation 
of the study is to explore the potential use of a DPT 
as a simpler and more economical test. The authors 
used two hammers in the DPT, one donut hammer 
and one automatic hammer. The blow counts from the 
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BPT and DPT correlated reasonably well when using 
the automatic hammer, but poor correlation was ob-
tained with the donut hammer. Figure 5 shows the 
correlation between the BPT and DPT blow counts 
with automatic hammer. 
The authors conclude that: (i) CRR curves from DPT 
(for PL30%) are generally consistent with results 
from BPT; (ii) In contrast to the gravels, the agree-
ment between the CRRs obtained from DPT and BPT 
was rather poor for sand layers; hence, the DPT liq-
uefaction resistance curves at gravel sites are not ap-
propriate for evaluation of liquefaction in sands; (iii) 
DPT identified a thin potentially liquefiable layer not 
resolved by the BPT (Fig. 6). 

 
 
 
 

 
 

 
 
 

 
Figure 6 - Plot of cyclic resistance ratio causing liquefaction in 
gravel layers at Millsite dam based on BPT (N1)60 and DPT N'120 

with the automatic hammer (Rollins et al. 2016) 
 

Mirjafari, Orense, Suemasa: Soil classification and 
liquefaction evaluation using Screw Driving Sound-
ing 

The motivation behind this study is to use a more 
economical and practical device for liquefaction as-
sessment of residential properties, for which conven-
tional CPTs cannot be accommodated due to space 
(Fig. 7) or cost limitations. In this context, the authors 
explore the use of the Screw Driving Sounding (SDS) 
method, as an improved version of the Swedish 
Weight Sounding (SWS) technique, commonly used 
in Japan. In the SDS test, the required torque, load, 
speed of penetration and rod friction are measured 
thus allowing the user to not only measure the pene-
tration resistance but also discriminate between dif-
ferent soil types. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. SDS equipment 

The authors show on one example that the variation 
of the specific energy with depth obtained in SDS is 
similar to the variation of the CPT tip resistance with 
depth. Based on the NZ soil database, two parameters 
were obtained, the average of the change in torque 
and the modified coefficient of plastic potential, to 
develop a soil classification chart (Fig. 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Soil classification chart based on SDS data (Mirjafari 
et al. 2016) 
 

Using the data obtained following the Christchurch 
Earthquake Sequence, empirical relationships (equiv-
alent to those for CPT) were developed for liquefac-
tion potential assessment using SDS data (Fig. 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Proposed empirical chart for estimating CRR based 
on Es,1 from SDS test (Mirjafari et al. 2016) 
 
Sawada: New developed soundings to assess lique-
faction potential of soils 

This paper presents three newly developed types 
of sounding equipment for evaluating the liquefaction 
susceptibility of soils. 

The validation test results indicate that PDC (Piezo 
Drive Cone), PPT (Penetration & Pull-out Test) and 
DWS (Dynamic Weight Sounding) are highly useful 
for evaluation of liquefaction-induced problems due 
to earthquakes. In addition, liquefaction risks assess-
ment in terms of the factor of safety can be evaluated 
in a short time. Therefore, liquefaction risks for a 
large area can be evaluated in a relatively short pe-

Sand

Stiff peat

Silty sand –
sandy silt

Stiff plastic clay

Clay-silt
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riod.The authors give examples of the results ob-
tained with these new equipment but they do not 
specify where they were done and in which condi-
tions (Figs 10, 11, 12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Schematic illustration of PDC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Schematic illustration of PPT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Schematic illustration of DWS 
 

The authors emphasize that “degree of accuracy” is 
direct in trade-off with economy. The material for 
reclamation becomes inhomogeneous by the re-
claimed method. It is essential for the high-resolute 
information (advancement of the spatial resolution) 
on performing the evaluation of soil liquefaction. 

The most suitable solution which balances degree 
of accuracy (reliability of the ground information) 
with economy depends on field conditions. The 
agenda that is the most important for us is to take care 
of the field engineer who can select the most suitable 
technique of the ground investigation technique. 

7 COMBINED USE OF DIFFERENT 
(COMPLEMENTARY) TESTS 

Recognizing the limitations of any given test, several 
authors explored the combined use of complementary 
in situ tests to combine strengths of different tests or 
parameters for an enhanced liquefaction evaluation. 
This approach is strongly encouraged because it al-
lows refinement and further evolution of single-test 
(parameter) approaches that are inherently limited in 
their capacity to address all complexities in the lique-
faction evaluation. 

 
Bán, Mahler, Katona, Győri: Liquefaction Assess-
ment Based on Combined Use of CPT and Shear 
Wave Velocity Measurement 

The goal of this research was to develop an empir-
ical method where the result of CPT and Vs measure-
ment are used in parallel and can supplement each 
other. This subject has been studied by other authors 
(e.g. Robertson 2015). After confirming the inde-
pendence of qc and Vs for the subset of case histories 
considered, the authors performed a logistic regres-
sion to obtain the probability contours of liquefaction 
occurrence. The graphical representation of the cyclic 
resistance ratio ‘curve’ for a given probability is a sur-
face (Fig. 13). 

 

 

(3) 

 
Equation (3) expresses the cyclic resistance ratio for 
a given probability of liquefaction. A problem of the 
equation is that it does not include the variation (un-
certainties) of the parameters, but just takes into ac-
count model uncertainties. In this context, a signifi-
cant uncertainty was introduced in the method 
through the use of an Ic-FC correlation for estimating 
the fines content and then the normalized clean-sand 
equivalent cone tip resistance (q1Ncs). 
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Figure 13. Cyclic resistance ratio surface corresponding to 50% 
of liquefaction probability (Bán et al. 2016) 

 
It is an interesting approach along the idea of combin-
ing two measurements that complement each other, 
and provide small-strain and large-strain properties 
respectively, as has been suggested by Robertson 
(2015) and Schneider & Moss (2011). 
 
Monaco, Tonni, Gottardi, Marchi, Martelli, Amo-
roso, Simeoni: Combined use of SDMT-CPTU results 
for site characterization and liquefaction analysis of 
canal levees 

 
Figure 14. Results of liquefaction analyses based on the 
horizontal stress index KD (SDMT), on the cone penetration 
resistance qt (CPTU) and on the combination KD (SDMT) & qt 

(CPTU): results obtained by methods based on shear wave ve-
locity VS and by laboratory cyclic simple shear tests (CSS) are 
compared (Monaco et al. 2016) 

 
 
This paper focuses on the comparison of results 

obtained by SDMT vs. CPTU test interpretation, and 
liquefaction analysis using a recent simplified method 
(Marchetti 2016) based on the combined use of the 
horizontal stress index KD provided by SDMT and the 
cone penetration resistance qt provided by CPTU.  

The results obtained by this method are compared 
with the results obtained by existing methods based 
on qt (CPT) and KD (DMT) alone, as well as with the 
results obtained by methods based on the shear wave 
velocity VS and by laboratory cyclic tests. 

Tonni et al. (2015a, b) presented the results of the 
evaluation of CRR from KD (SDMT) and CRR from 
qt (CPTU). The correlation proposed by Marchetti 
(2016) was defined by combining the Idriss & Bou-
langer (2004, 2006) CRR-Qcn correlation with the 
Robertson (2012) average Qcn-KD interrelationship 
and is the geometric average between a first CRR es-
timate obtained from Qcn  and a second CRR estimate 
obtained from KD (Eq. (2)). 

In the case illustrated in the paper, the use of a 
combined correlation for estimating CRR based at the 
same time on CPT-qt and DMT-KD (Marchetti 2016) 
has confirmed the probable occurrence of liquefac-
tion. However, the estimated overall liquefaction sus-
ceptibility, represented by the liquefaction potential 
index IL, is lower than indicated by methods based 
both on KD alone and qt alone. This results in reason-
able agreement with field observations. As noted by 
Marchetti (2016), it is expectable that an estimate 
based at the same time on two measured parameters 
is more accurate than estimates based on just one pa-
rameter, and incorporating the DMT stress history pa-
rameter KD into the liquefaction correlations should 
possibly reduce the uncertainty in estimating CRR. 
Considerable additional research is obviously neces-
sary, especially if the sand is not clean and 
uncemented. 

The analyses based on VS generally indicate minor 
liquefaction. The results from DMT parameter show 
a layer between 5-9m susceptible to liquefaction and 
no significant liquefaction in deeper sands. The re-
sults from CPTU suggest generalized liquefaction in 
the deeper sands (Fig. 14). The results of liquefaction 
analyses carried out using simplified methods based 
on the DMT horizontal stress index KD, in agreement 
with well-established methods based on the CPT cone 
penetration resistance qt, suggest that plausibly local 
liquefaction phenomena, of variable extent, may have 
been induced by the May 20, 2012 earthquake in the 
sandy-silty soils below the Scortichino canal levee.0 
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Fioravante. Giretti: CRR from CPT via state param-
eter 
The paper proposes a methodology to evaluate the un-
drained cyclic resistance of clean, uncemented, nor-
mally consolidated, young sands from cone penetra-
tion tests through the state parameter. A 
comprehensive experimental study on an Italian 
sandy deposit (San Carlo Sand, SCS) and two well-
known standard silica sands, Ticino and Toyoura 
(TS4 and TOS), involves the determination of lique-
faction resistance curves using cyclic triaxial tests, 
and a series of model cone penetration tests using a 
seismic centrifuge. In both series a range of void ra-
tios and overburden stresses states (state parameter 
values) were taken. The tip resistance–state parame-
ter relationships used the results of CPT performed in 
a centrifuge with a miniaturized piezocone on homo-
geneous reconstituted sand models. On this basis an 
expression for qc* was defined as a function of the 
state parameter. The liquefaction resistance curves 
(CRR-Nc relationship) derived from the cyclic test re-
sults were also expressed through the state parameter. 
By combing these expressions, a direct correlation 
between qc* and the cyclic resistance ratio at N cycles 
was derived. The experimental qc* - state parameter 
relationships for the three sands are shown in Figure 
15. 

The authors propose an exponential equation to ob-
tain a direct correlation between qc* and the cyclic re-
sistance ratio at N cycles for simple shear condition, 
CRRNSS, relying in five fitting parameters of SCS. 
The correlations to compute CRRNSS profiles from 
in situ CPTs for the sand considered the number of 
equivalent cycles associable to an earthquake of mo-
ment magnitude M = 5.8 (as the 20 May earthquake), 
according to the Idriss (1999) approach. From the five 
qc profiles the average profile was computed, taking 
into account the slightly different altitude of the 
ground level at each test site. The computed CRR pro-
file is represented in Figure 16, where it is compared 
with the cyclic earthquake-induced stresses CSR, 
computed according to Seed & Idriss (1971), which 
is consistent with the liquefaction phenomena oc-
curred at the reference site in San Carlo, affected by 
the 2012 Emilia earthquake. 
 

Figure 15. Normalized qc* vs. ψ for all tested sands (Fioravante 
& Giretti 2016) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. CRR and CSR profile (Fioravante & Giretti 2016) 
 
Roberts, Stokoe, Hwang, Cox, Wang, Menq, van 
Ballegooy: Field Measurements of the Variability in 
Shear Strain and Pore Pressure Generation in 
Christchurch Soils 
A direct, in-situ test method has been developed to 
investigate the shear strain at which pore pressure 
generation begins, the combined effects of shear 
strain amplitude and number of loading cycles on 
pore pressure generation, and estimate the point at 
which liquefaction “triggering” occurs. ru is the ex-
cess pore pressure. 

The dynamic performance was evaluated at three 
test panels, two natural soil test panels (6-NS-1 and 
6-NS-2) and one test panel improved by the Rapid 
Impact Compaction method (6-RIC-1). A significant 
variability arose in the ru-logγ relationships due to de-
gree of saturation, density (reflected in the VS values), 
and fines content (SP versus SM soils) –Figure 17. 
From this figure it can be concluded that loose, clean 
sand with FC < 5%, SP and Dr ~40 to 55% (samples 
6-NS-1 and 6-NS-2) generated a positive ru-logγ rela-
tionship that would predict liquefaction; the threshold 
strain at which pore pressure generation began, γt

pp, 
for the loose, clean sands was in the range of 0.01 to 
0.02 %; denser, clean sand with FC < 5 %, SP and Dr 
~ 80% (6-RIC-1) generated a negative ru-logγ rela-
tionship that would predict no liquefaction. As for the 
influence of fines content, loose, silty sand with FC = 
15 – 30 % (SM) generated little to no ru even at a rel-
atively high level of shear strain γ ~ 0.12 %, as can be 
verified in Figure 18. 
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Figure 17. Variation in ru with γ and Vs at N=10 cycles for SP 
material (Roberts et al. 2016) 
 
Figure 19 shows the normalized shear modulus re-
duction curve from RC testing for a reconstituted 
specimen taken from 6-NS-2 at a depth of 2.0 m. The 
value of γt

e marks the boundary between the linear 
and nonlinear-elastic shear strain ranges and the 
range of γt

pp (~0.01-0.02%) of the loose, clean sands 
was about 25 to 50 times the γt

e (0.0004%). The range 
in values of γt

pp corresponds to strains at which values 
of G/Gmax are in the range of 0.7 to 0.6 for this sand, 
indicating that the soil has already lost 30 to 40 % of 
its initial stiffness before volume change, hence ru be-
gins to occur. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 18. Effect of fines content on ru-logγ relationships (Rob-
erts et al. 2016) 
 
 

 

 
Figure 19. Comparison between the G/Gmax-logγ curve from 
RC testing ant the ru-logγ relationships at test panel 6-NS-1 and 
6-NS-2 (Roberts et al. 2016) 
 
Mengé, Vinck, Van Den Broeck, Van Impe, Van Impe: 
Evaluation of relative density and liquefaction poten-
tial with CPT in reclaimed calcareous sand 

The paper discusses the quality control of the com-
paction of large land reclamation works with calcare-
ous sands. With Centrifuge chamber tests, it is possi-
ble to have an undisputable correlation between qc, Dr 
and σ’v. Liquefaction assessment is often performed 
according to the NCEER (National Center for Earth-
quake Engineering Research) method, based on cor-
rected CPT results.  

The results of the centrifuge tests (Fig. 20) show 
that a significant impact of the presence of water was 
found, leading to much lower values of qc,wet com-
pared to qc,dry at similar relative density and stress 
level. It is also shown that Particle Size Distribution 
has less impact on the behavior of the material than 
its mineralogy. 

Because of the heterogeneity of the compacted fill, 
a specific approach was followed when evaluating the 
CPT’s in calcareous materials (this “Shell Correction 
Factor”, SCF, is illustrated in Fig. 21). Correlations 
between qc and Dr were found, and compared with 
Wehr (2009) and Mayne (2014) proposals. The SCF 
which was proposed by Wehr perfectly matches the 
SCF derived here for a stress level of 100kPa The 
SCF as suggested by Mayne seems not to correspond 
well and may be valid for other types of calcareous 
sands. Nevertheless the findings with regard to SCF 
and its ease of use, authors prefer the more accurate 
scientific approach using the results of CC-tests to de-
fine the relative density of calcareous sands from 
CPT. 
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Figure 20. Results of the centrifuge CC tests on wet BAW ma-
terial (Mengé et al. 2016) 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 21. SCF in function of relative density (Mengé et al. 
2016) 

 
The authors conclude that the problem of quality 

control of the compaction of large land reclamation 
works with calcareous sands can be addressed by an 
approach that relies performing CC tests at an early 
stage of the project. This allows to have an undisput-
able correlation between qc, Dr and σ’v, particularly 
when compacted fill is highly heterogeneous. Lique-
faction assessment is often performed according to 
the NCEER method, based on corrected CPT results. 

8 CASE-HISTORIES: 2 EXAMPLES OF 
APPLICATIONS  

Klibbe: The Determination of Factor of Safety 
against Liquefaction and Post-Liquefaction Settle-
ment 

In this paper, the calculation of factor of safety 
against liquefaction and post-liquefaction settlement 
has been determined using CPTu and shear wave ve-
locity records. This data was obtained and recorded 

across an entire project site at centimetre depth incre-
ments, being this interpreted in dedicated spread-
sheets elaborated to allow both profiling and contour-
ing of the factor of safety and settlement (Fig. 22). 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 22 - Calculated factor of safety against liquefaction and 
incremental settlement (Klibbe 2016) 
 

This has allowed each facility to be assigned the 
appropriate seismic site class. Appropriate foundation 
system based on conventional bearing capacity and 
settlement as well as liquefaction affects were sug-
gested. Due to the high carbonate content of the 
sands, a correction of penetration resistance, qt1, con-
version from normalized tip resistance in calcareous-
carbonate sands to an equivalent normalized tip re-
sistance in silica-quartz sands, was implemented.  
Due to the carbonate nature of the sands, the generic 
fines content correlations do not perform well at this 
site. Therefore, a site specific fines content correla-
tion was adopted (as suggested by Mayne 2014). 

Rodrigues, Amoroso, Cruz, Viana da Fonseca, A. 
Liquefaction assessment from CPTu tests in a site in 
South of Portugal.  

This paper focuses on the assessment of the lique-
faction potential of the site. The liquefaction potential 
index, as well as the liquefaction severity number, 
recognizes high liquefaction damage for Seismic Ac-
tion 1 and low to high for Seismic Action 2. The crit-
ical conditions are concentrated in the most superfi-
cial layers, evidencing very high lateral spreading 
risk.  It was decided to improve the ground by densi-
fication through vibration techniques, in order to mit-
igate possible damage in the water distribution net 
that runs mainly near the surface, thus preventing cuts 
in the water supply post-seismic events. 

The authors concluded that: (i) Liquefaction as-
sessment from CPTu results revealed a high superfi-
cial liquefaction vulnerability for the new water sup-
ply reservoir in Monte Gordo, Algarve, in the South 
of Portugal; (ii) the respective liquefaction vulnera-
bility has shown that the condition is critical for the 
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reference action associated to the Atlantic Ocean far 
distance seismic action. As a consequence, it was de-
cided to improve the ground by densification through 
vibration techniques, in order to mitigate possible 
damage in the water distribution net that runs mainly 
near the surface, thus preventing cuts in the water 
supply post-seismic events. 

9 CONCLUSIONS 

The use of combined CPT test results with the meas-
urements of shear wave velocity, Vs is increasing, as 
the shear wave velocity are independent of soil char-
acteristics but lack the stratigraphic detail of CPT 
(Robertson 2015). Shear wave (Vs) is more sensitive 
to factors such as age and cementation. Robertson 
(2015) proposes a modification CPT “fines” correc-
tion to improve the agreement between the two meth-
ods. A comprehensive study for a combined or paral-
lel use of CPT and Vs/Vp measurements in 
liquefaction evaluation is currently under way for 
Christchurch (New Zealand) soils.  

The identification of soils with microstructure (ag-
ing and/or cementation) is important in a way that for 
unusual soils traditional cyclic liquefaction trigger 
methods can be uncertain. According to Robertson 
(2015), the combination of CPT with Vs (SCPT) and 
geologic age can be useful to separate the effects of 
age or cementation. For uncemented aged soils, Vs-
based methods provide better of CRR than CPT meth-
ods. For light cemented soils, the approach of Schnei-
der and Moss (2011) can be used to estimate if the 
design earthquake loading (CSR*) exceeds CSR to 
reach the threshold strain (CSR*th). If so, the benefits 
of cementation may be lost. It appears that the bene-
fits of bonding can end when CSR*>CSR*th. 

A discussion about the difference between aging 
and cementation benefits is initiated, but further re-
search is needed. According to Robertson (2015) ag-
ing may have little influence on the threshold strain 
whereas bonding may increase the threshold strain 
depending on its nature and degree.  
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