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Abstract
The quantitative assessment of natural risks offers a rational strategy to protect communi-
ties, undertake cost effective mitigation and plan the organic and sustainable development 
of urban systems. For cascade events such as earthquake-induced liquefaction, assessment 
implies to characterize and reconstruct the areal distribution of seismic hazard, subsoil 
susceptibility, physical vulnerability, economic and social relevance of structures and to 
combine all factors in a unitary predictive model. Considering that aleatory variability 
and epistemic uncertainty affect the characteristic variables and their mutual correlation, 
it is also necessary to quantify their influence on the prediction. Within this framework, a 
vulnerability model is proposed to comprehensively assess the physical damage of build-
ings in an urban system. A chain method is formulated combining calculation schemes 
recently introduced in the literature with ad hoc numerical analyses. The effectiveness of 
the method is tested comparing prediction with the effects observed in the city of Christch-
urch during the 22nd February 2011 earthquake. The unprecedented documentation availa-
ble after this earthquake enables to validate different components of the model and disclose 
the importance of possible disregarded factors. A geostatistical methodology is proposed 
throughout the paper to process data, quantify and govern the different uncertainty factors.

Keywords  Seismic liquefaction · Risk · Vulnerability · Geostatistical analysis · Uncertainty

1  Introduction

The periodic occurrence and the increasing annual pace of losses connected with earth-
quakes constantly recalls the great influence of seismicity on cities and communities 
(Guha-Sapir and Vos 2011). In the different possible scenarios, a non-negligible role is 
often played by liquefaction. An estimate on the economic impact of earthquakes (Daniell 
et  al. 2012), achieved disaggregating primary (shaking) and secondary causes (tsunami, 
fire, landslides, liquefactions, fault rupture and other type losses) in a statistics of 7103 
events occurred worldwide in the period 1900–2012, attributes to liquefaction about 2.2% 
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of the direct economic losses, i.e. about 2.24 trillion US dollars. The global estimate of 
damage becomes 3.6% when considering total losses, i.e. direct plus indirect. These rela-
tively small numbers could erroneously lead to consider the phenomenon not particularly 
relevant but, considering the effects on cities or industrial districts, the prolonged imprac-
ticability of the infrastructures triggers an overwhelming chain of delays and losses on the 
interconnected systems capable of undermining the recovery of normal living conditions 
(Macaulay 2009; CSAPEISLA 2016). During the 1906 earthquake in San Francisco, fail-
ures attributed to liquefaction occurred in many locations within a 560 km long zone along 
the coast, inland as far as 64 km (Youd and Hoose 1976). The city of Kobe, Japan, and 
its harbor underwent a long economic recovery process from liquefaction-related damage 
caused by the 1995 Hyogo-ken Nanbu earthquake. Despite relatively modest magnitudes 
(Mw = 6.2) the consequences of liquefaction occurred in 2011 at Christchurch, New Zea-
land, forced about 15,000 families to leave their homes and seriously injured hundreds of 
buildings in the Central Business District—CBD (Cubrinovski et al. 2011a, b, c).

Knowing in advance the zones potentially affected by liquefaction and predicting the 
effects on the most relevant territorial assets helps to identify risk and enables stakehold-
ers (urban planners, public administrators, private investors, managers of services and life-
lines, emergency departments, insurance companies etc.) to undertake mitigation actions, 
inform population and make communities more resilient. The importance of these studies 
reflects into the trend undertaken in the nations more sensitive to the seismic hazard, where 
the territorial planning prescribes the assessment of risk (e.g. NZGS 2016a,b; DPC 2008, 
2017).

The mechanisms of liquefaction, i.e. the deformation of cyclically loaded sand (Modoni 
et  al. 2018; Salvatore et  al. 2016, 2018; Wiebicke et  al. 2017), pore pressure onset (e.g. 
Boulanger and Idriss 2014; Cubrinovski and van Ballegooy 2017), ground settlements (e.g. 
Iwasaki et al. 1978; Zhang et al. 2002, 2004; van Ballegooy et al. 2014) and effects on vari-
ous types of structure (e.g. Bird et al. 2006; Cubrinovski et al. 2014, 2017, 2018) are the 
subject of different conceptual models that capture the influence of the most fundamental 
variables. Encompassing these studies in the estimate of damage and risk at the territorial 
scale is the scope of the present study, with a focus on residential buildings. The methodol-
ogy adopts a cascade logic where seismic hazard, soil susceptibility and structural fragility 
of buildings are individually characterized, mapped and cross-correlated in a GIS platform. 
One main challenge of these studies consists in defining models able to reach a sufficient 
level of accuracy starting from rough, sometimes incomplete, information typical of the 
large-scale assessment. This goal requires addressing the epistemic and aleatory uncertain-
ties connected with:

•	 the schematization of phenomena;
•	 the quality and inhomogeneous spatial distribution of information.

A fundamental issue for buildings founded on loose saturated sands is that they may 
experience significant settlements even before liquefaction take places. The complex soil-
building response, with the coupled volume-shear deformation of soil, the development 
of pore pressures and the interaction with buildings has been experimentally investigated 
and interpreted by various authors (e.g. Liu and Dobry,1997; Dashti et al. 2010a, b). The 
results of numerous parametric calculations reproducing the above phenomena have been 
inferred with different formulas that lead to compute in a relatively simple and fast way 
settlements comprehensively taking into account the characteristics of earthquake, subsoil 
and structure (e.g. Karamitros et al. 2013; Bray and Macedo 2017; Bullock et al. 2018). On 
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the other hand, the generic definition of building structures in territorial risk assessment 
implies to estimate damage on a probabilistic basis, i.e. adopting fragility curves that clas-
sify taxonomically buildings in homogenous classes and categorize damage with a severity 
rank as function of an engineering demand parameter. Fragility curves may stem from an 
empirical base, i.e. from the back analysis of observed events (e.g. Maurer et al. 2017) or 
analytically, performing a large number of numerical simulations where undefined input 
quantities are parametrically varied (Fotopoulou et  al. 2018). The present study adopts 
the analytical curves recently introduced by Fotopoulou et al. (2018) that express damage 
as function of the differential foundation settlement. A statistical function derived with a 
parametric numerical calculation relates this quantity to the absolute settlement, computed 
considering the consolidation (Zhang et al. 2002) and distortional (Bray and Macedo 2017) 
strain components triggered by liquefaction.

This analytical scheme forms a novel chain methodology to assess liquefaction the risk 
on buildings. Validity of prediction is proven versus the effects of the February 11th 2011 
earthquake (Mw = 6.2) at Christchurch adopting a binary method recently proposed by 
Kongar et al. (2015) as evaluation metrics.

2 � Scheme of the liquefaction risk assessment

Seismic liquefaction is the effect of a cascade phenomenon that starts with the release of 
energy from active faults, the propagation of motion through layers of different proper-
ties and the generation of excess pore pressure in the shallower subsoil portions. Sever-
ity of damage for buildings depends on the intensity of the shaking, susceptibility of the 
soil to undergo liquefaction, structural characteristics and socio-economic relevance of the 
involved system. All these aspects form the logical scheme depicted in Fig. 1, whose ele-
ments act in a way that the output of the lower level forms the input of the upper level. 
This chain scheme may be applied from bottom to top to compute the holistic risk or inter-
rupted at intermediate levels to assess risk on specific sub-systems (ground, physical asset, 
service, community). In any case, the response of each element must be characterized, 

Fig. 1   Cascade scheme implemented for liquefaction risk assessment (modified from Liquefact D.7.1 
2019—IM: Intensity Measure; EDP: Engineering Damage Parameter; DM: Physical Damage; and DV: Esti-
mated Loss)
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defining a correlation between input and output variables, individually or in conjunction 
with the closer elements depending on the relevance of the interaction between the two 
systems.

Once mechanisms are characterized with appropriate variables and relations, the assess-
ment of risk over a given territory imposes to quantify the concomitance of the risk fac-
tors (hazard, vulnerability and exposure) in each location. The analysis takes considerable 
advantage from the use of Geographical Information Systems (GIS) referring data to their 
geographical position, adding scripts to correlate variables and representing the output in 
the form of maps.

A relevant issue for this methodology is the governance of the uncertainty stemming 
from the concurrence of several factor, i.e. stochastic occurrence of the seismic events, 
quality and spatial resolution of the available information, precision of the inferred rela-
tions. This aspect has been properly addressed by the Performance-Based Earthquake 
Assessment (PBEA) approach (Cornell and Krawinkler 2000) that proposes to compute 
risk with the following Eq. (1), accounting for uncertainties with a sequence of conditional 
probabilities:

Here p(IM) is the density probability that a seismic event of intensity measure (IM) 
occurs during the lifecycles of the studied system, p(EDP|IM) is the density probability of 
the engineering demand parameter (EDP) conditioned to IM; p(DM|EDP) is the probabil-
ity that a physical damage occurs on the structural component of the system conditioned 
to EDP; P(DV|DM) is a cumulative probability of the assumed evaluator of the system 
performance conditioned to damage DM. The application of Eq. (1) implies that variables 
and probability functions are specified with a mechanical characterization of the problem. 
For buildings subjected to liquefaction, the sequence depicted in the right part of Fig. 1 is 
presented in the following chapters, computing physical damage with fragility curves and 
adopting settlements of the building as EDP.

2.1 � Subsoil data management

A paramount difficulty of risk assessment for systems spread over large territories is the 
evaluation of variables (e.g. subsoil properties) from the outcomes of investigation per-
formed in a discrete number of positions. To this aim geostatistical methods (Matheron 
1965; Chilès and Delfiner 2012) offer several advantages as demonstrated by different 
application (e.g. Spacagna et  al. 2013; Modoni et  al. 2013; Spacagna et  al. 2017; Saroli 
et al. 2020). A fundamental ingredient of this method is the inference with a mathematical 
function, the theoretical variogram, of the differences between the values of the selected 
variable related to the mutual distance between sampling points (experimental variogram). 
The function serves to compute the weighting factor of a linear interpolator that relates the 
estimate in each position to the values measured in the sampling points (kriging). Com-
pared with other common interpolators (e.g. polynomial functions or inverse distance 
weighting) that quantify the considered variable deterministically, the geostatistical meth-
ods provide estimates in the form of statistical populations, i.e. with the mean values rep-
resenting the most probable occurrence and the standard deviation that gives an immedi-
ate perception of the estimate reliability. A direct advantage of this methodology is that 
the effects of uncertainty can be incorporated in the risk assessment process, contributing 

(1)P(L) = ∫
IM

∫
EDP

∫
DM

P(DV|DM) ∗ p(DM|EDP) ∗ p(EDP|IM) ∗ p(IM)
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to define the probabilistic terms of Eq.  (1). Furthermore, considering that uncertainty is 
tightly connected with the density of investigation near the considered position, it is pos-
sible to discard prediction affected by a too poor reliability. The zones where additional 
investigation is more relevant can also be identified.

In territorial studies of liquefaction, geostatistical tools have been adopted for instance 
by Baker and Faber (2008) to compute the distribution of a liquefaction potential indica-
tors in the city of Adapazari (Turkey), by Pokhrel et  al. (2015) to map the Liquefaction 
Potential Index (Iwasaki et al. 1978) from SPT results in the city of Urayasu (Japan) and 
by Zou et al. (2017) to quantify the probability of liquefaction based on CPTU data. In the 
present study, geostatistical tools have been recurrently used to assess the quality of avail-
able information and filter low quality ones. In fact, an issue related with the collection of 
subsoil information over large areas is that investigations are rarely performed with the 
same standard and data are not always consistent each other. Reason for this inconsistency 
stem frequently from different execution, reporting and interpretation standards, or from 
other sources like mispositioning of the investigation sites over the map, etc. Geostatisti-
cal based tests like the boxplot (Montgomery et al. 2012) enable to evaluate the quality of 
data from the continuity of information estimated from nearby investigation. This criterion 
has been here adopted as the less arbitrary, being possible to analyze and manage data in a 
fully automatic way, i.e. without the need for the operator to pick singularly data and drive 
outcomes. Once problematic data are identified, it is possible to verify the origin of incon-
sistency, correct errors or eventually discard the datum. The beneficial effects can then be 
measured with a reduction of the estimate standard error.

2.2 � Computation of losses

The computation of losses associated to damage (DV|DM) is the last step of the assess-
ment procedure depicted in Fig. 1. Several studies have proposed to define damage/losses 
relations based on socio-economic consideration (e.g. Lee and Mosalam 2006; Moehle 
2003; Porter 2003; Comerio 2005; Krawinkler 2005; Mitrani-Reiser et al. 2006). Consid-
ering this issue out of the scope of the present paper and focusing for simplicity on the 
repair losses, i.e. neglecting other indirect costs, a deterministic evaluation scheme defined 
in Hazus (FEMA 2003) has been adopted in the following. This scheme introduces four 
different damage limit states (Slight, Moderate, Extensive and Complete) and associates to 
each of them a loss cost (rci) expressed as a percentage of the total demolition and recon-
struction cost (RCi). The ratios (rc/RC)i are defined in the code for 33 different building 
categories. Table 1 shows an example for residential buildings, named RES1.

Combining the loss factors with the probability of reaching each of the four defined 
damage states (Pdsi) enables to compute the Mean Damage Rate (MDR) as follows:

Table 1   Example of loss factor 
for residential buildings “RES1” 
(Hazus, FEMA 2003)

Damage limit state (ds) Loss 
factor (rc/
RC)

Slight 0.02
Moderate 0.10
Extensive 0.45
Complete 1.00
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3 � Vulnerability of buildings

A fundamental issue for the application of Eq.  (1) is the definition of vulnerability that 
passes through the identification of a representative parameter, EDP in the equation, and 
the expression of the p(EDP|IM) and p(DM|EDP) functions. The physical damage induced 
by liquefaction on buildings depends on the intensity of the ground shaking and pore pres-
sure build-up, coupled with the capability of structures to adsorb absolute and differen-
tial movements. As a preliminary step of the analysis, it should be considered that prior 
experiencing settlements buildings affected by earthquakes undergo shaking that may pro-
duce additional damage. The coupling between ground shaking and liquefaction effects on 
buildings form the subject of previous studies carried out on empirical or theoretical basis. 
Some events, like the one occurred in Adapazari, Turkey, after the 1999 Kocaeli Earth-
quake (Bakir 2002), showed that the buildings damaged by liquefaction suffered limited 
effects of shaking and vice versa. This evidence suggests that the liquefied soil may act as 
a sort of natural seismic isolator for the shaken buildings, raising also the extreme idea of 
inducing liquefaction into selected soil layers to reduce the more severe damage of shaking 
(e.g. Mousavi et al. 2016). This conceptual scheme implies the idea that shaking prevails 
in the initial phases of the earthquake whereas liquefaction overlaps in a second phase, 
with the result that the whole earthquake damage is given by a combination of both. How-
ever, while liquefaction reduces the effects of shaking, the consequence in the opposite 
direction are less evident, with the practical consequence that the estimate of liquefaction 
damage can be performed autonomously from shaking. Concerning the definition of EDP, 
Bird et  al. (2006) theoretically and van Ballegooy et  al. (2014) empirically focus on the 
differential settlements as the major cause of damage. This option matches closely with 
the definition of damage given by Boscardin and Cording (1989) and adopted in design 
standards, e.g. the Eurocode PrEN 1997-1 (CEN 2008), that express the serviceability per-
formance of buildings in terms of distortion. A recent study by Fotopoulou et al. (2018) 
uses differential settlement as EDP into the definition of four liquefaction fragility curves 
for buildings, each referred to damage limit states (Table 1). Fragility curves are statistical 
tools that quantify the probability that a system undergoes a given performance state (e.g. 
damage level) as functions of the engineering demand parameter. A fundamental require-
ment for their definition is the taxonomic classification of buildings into classes that group 
homogenous elements, i.e. buildings having similar typology, extension, structural stiffness 
and weakness (e.g. Brzev et al. 2013). In choosing the buildings classification a compro-
mise must thus be unavoidably sought between particularization and available knowledge. 
In fact, a more particular classification would give to more reliable prediction but at the 
expenses of a deeper knowledge of the building characteristics, rarely viable in territorial 
analyses. The fragility criterion defined by Fotopoulou et al. (2018) chosen for the present 
study represents a compromise between immediateness and accuracy. It refers to low-code 
reinforced concrete buildings, i.e. designed without specific seismic regulation, resting on 
shallow isolated footings. They have been obtained from statistical analyses of the results 
of non-linear numerical calculation considering two possible failure mechanisms, flexural 
damage of beams and shear failure of columns, induced by random differential displace-
ments applied at the foundation. An example of fragility curves for two stories buildings 

(2)MDR =
∑

i

Pdsi
∗ (rc∕RC)i
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is given in Fig. 2, while a table of the parameters (median A and dispersion β) of the log-
normal distribution for 2, 4 and 9-storey buildings are reported in Table 2. 

Damage evaluation with the above curves implies to estimate the differential settle-
ments of earthquake solicited buildings. This evaluation is normally affected by a signifi-
cant uncertainty, being dictated by the nonhomogeneous subsoil conditions (Ishihara and 
Yoshimine 1992), distribution of loads and structural properties of the buildings. Knowing 
these factors in detail is difficult, even for the study of a single building under static con-
ditions, and thus alternative simplified approaches are pursued, that base the estimate of 
differential settlements on the values of absolute settlements (e.g. Grant et al. 1974; Vig-
giani et al. 2012). The estimate of differential settlements is moreover difficult when deal-
ing with large scale analyses where information become somehow vaguer. However, data 
on age and structural typology, plan dimensions, height and number of stories of buildings 
obtained from databases can be exploited to perform a preliminary risk assessment. With 
this aim, a two-step calculation is proposed in the present study, extending to liquefaction 
assessment the previously recalled procedure adopted for static conditions: firstly, absolute 
settlements are quantified with a simplified formula that includes the dependency on seis-
mic input, subsoil characteristics and simple building properties; then a relation between 
differential and absolute settlements is inferred from the results of parametric numerical 
calculations where the coupling between heterogeneous liquefiable subsoil and structures 
having variable flexural stiffness is accounted for.

Fig. 2   Example of fragility 
curves for a two stories low code 
framed building. Adapted from 
Fotopoulou et al. (2018)

Table 2   Median and dispersion 
of differential settlements 
associated to different damage 
levels for low code reinforced 
concrete buildings of 2, 4 and 9 
stories (from Fotopoulou et al. 
2018)

Level of damage

Slight Moderate Extensive Complete

A(m) β A (m) β A(m) β A(m) β

Number of storeys
2 0.034 0.54 0.124 0.54 0.210 0.54 0.307 0.54
4 0.027 0.50 0.098 0.50 0.176 0.50 0.305 0.50
9 0.022 0.50 0.083 0.50 0.156 0.50 0.270 0.50



3940	 Bulletin of Earthquake Engineering (2021) 19:3933–3961

1 3

3.1 � Estimate of absolute settlements

In spite of some popular empirical procedures (e.g. Tokimatsu and Seed 1987; Zhang 
et al. 2002, 2004) that focus on the free-field response of liquefied soils, centrifuge stud-
ies (e.g. Dobry and Liu 1994; Dashti et  al. 2010b; Bertalot and Brennan 2015) have 
highlighted that the presence of loaded footings near the ground level influences sig-
nificantly the pore pressure build-up and alters the mechanisms that govern deformation 
and settlements. In details, it is commonly acknowledged that a significant amount of 
settlements is induced by the distortional strains generated close to the foundation toe. 
Moving from this idea, Bray and Dashti (2014) proposed to express the total settlement 
(wmax) as a sum of three contributions, shear induced (ws), volume induced (wv) and 
ejecta-induced (we):

In a following study, Bray and Macedo (2017) performed a large number of paramet-
ric numerical analyses and inferred analytical formulas into the calculation results. In 
particular, they suggest computing the different terms as follows:

•	 integrate with depth the volumetric strain computed with the procedure suggested by 
Zhang et al. (2002) to compute wv;

•	 estimate the settlement due to sand ejecta (we) with an empirical function, built from 
case histories, of liquefaction indicators like the Liquefaction Severity Number LSN 
(van Ballegooy et al. 2014), the Liquefaction Potential Index LPI defined by Iwasaki 
et al. (1978) or its modified version defined by Ishihara (1985);

•	 compute the shear-induced settlement using the following equation Bray and Mac-
edo (2017): 

where ws is expressed in mm, Q is the unitary contact pressure on the foundation (kPa), 
HL(m) the thickness of the liquefiable layer and B (m) the lower planimetric dimension 
of the building footprint. CAVdp (g*s) is the cumulative absolute velocity (Campbell 
and Bozorgnia 2011; EPRI 1988) and Sa1 is the spectral acceleration at T = 1.0 s (g). 
The use of CAV for the characterization of the seismic signal responds to concept that 
liquefaction is more dictated by the energy released by the earthquake rather than by its 
peak intensity.

Particular relevance is assumed by the index LBS = ∫
�shear

z
dz computed integrating 

with depth the shear deformation εshear (Zhang et al. 2002) below the foundation plane. 
It dictates also the two coefficients c1 and c2, equal respectively to − 8.35 and 0.072 for 
LBS ≤ 16, − 7.48 and 0.014 otherwise.

The term computed by Eq. (3) represent the median of the results of numerical analy-
ses. In fact, the authors suggest quantifying the uncertainty connected with the use of 
a simplified formulation with a probabilistic normal function having a variation coef-
ficient ε = 0.5 in the natural logarithmic units.

(3)wmax = w
s
+ w

e
+ w

v

(4)
ln
(
ws

)
= c1 + 4.59 ⋅ ln(Q) − 0.42 ⋅ ln(Q)2 + c2 ⋅ LBS + 0.58

⋅ ln(tanh(HL∕6)) − 0.02 ⋅ B + 0.84 ⋅ ln(CAVdp) + 0.41

⋅ ln(Sa1) + �
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3.2 � Differential versus absolute settlements

The factors influencing differential settlements of buildings, recalled in the Eurocode 7 
– (EN 1997 – 1 2004) include:

•	 occurrence and rate of settlements;
•	 variation of ground properties;
•	 loading distribution;
•	 construction method and sequence of loading;
•	 stiffness of structures.

Bray and Macedo (2017) and Bullock et al. (2019) provides probabilistic estimates of 
the differential settlements of buildings subjected to liquefaction. In the present study, the 
role of the above factors on the differential settlements is quantified with a specific calcula-
tion. Neglecting the effects of construction sequence, not related to liquefaction, and con-
sidering for simplicity a uniform load distribution on building foundations, the effects of 
settlement rate, variation of subsoil properties and stiffness of the structure have been eval-
uated performing a parametric numerical analysis (ITASCA V2D 2016). The performed 
analysis shows that, while the settlement distribution depends on different factors like seis-
mic motion, subsoil layering and properties, foundation width, soil-foundation contact, 
building inertia etc. (e.g. Karimi et  al. 2018; Ramirez 2019; Tokimatsu et  al. 2019), the 
ratio between distortion and absolute settlements depends mainly on the stiffness of the 
structure-foundation complex and on the variability of subsoil properties.

The studied subsoil scheme consists of three-strata (Fig. 3), an intermediate liquefiable 
layer whose stress–strain response has been simulated with the critical state-based plas-
ticity model (PM4 sand; Ziotopoulou and Boulanger 2013), a lower base and an upper 
crust whose stress–strain response has been simulated with hysteretic models coupled with 

General Damping PM4 Sand

Layer
ρ

(kg/m3)

K 

(MPa)

G 

(MPa)
n

k

(m/s)

Φ 

(°)

c 

(kPa)
L1 L2 Dr

G0

(Mpa)
hpo nd nb Ad0

Clayey crust 1250 65.8 14.1 0.48 8.15E-12 - 50 -3 0.5 - - - - - -

Deeper 

clayey layers
1330 388 83 0.55 1.02E-13 - 50 -2.2 0.3 - - - - - -

Sandy Layer 1449 13.79 29.88 0.44 2.00E-06 33 - - - variable 500 0.4 2.2 0.1 0.1

Fig. 3   Numerical model implemented to study the absolute versus differential settlement relation. ρ: soil 
density; K: bulk modulus; G: shear modulus; n: porosity; k: soil permeability; ϕ: friction angle; c: cohe-
sion: L1 and L2: soil damping parameters; Dr: relative density; G0: small-strain shear stiffness; hpo: plastic 
modulus calibration parameter; nd: dilatation surface calibration coefficient; nb: bounding surface calibra-
tion coefficient; Ad0: dilatancy calibration coefficient
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Mohr–Coulomb (MC) failure criterion. For the sake of validation, the model has been 
inspired to the case study of a building in Terre del Reno (Emilia-Romagna, Italy) struck 
during the earthquake of May 20th 2012 (Mw 6.1). Figure 3 shows a summary of the model 
characteristics, geometrical mesh and constitutive parameters. Further details can be found 
in Modoni et al. (2019).

In a first series of analyses, the flexural stiffness the building-foundation system is 
pointed out. The studied scheme, depicted in Fig. 4, includes a 10 m long plate of variable 
flexural stiffness modulus EI (from 0 to 260 MN*m), carrying a uniform load (50 kPa). 
To estimate the influence of seismic input, the calculation is performed for three different 
acceleration time histories, the one recorded during the May 20th earthquake in Emilia 
Romagna and other two scaled respectively times 0.7 and 1.6. The plot of Fig. 4b, report-
ing the angular distortion β (defined in Fig. 4a) as a function of the maximum settlements 
wmax shows a clear correlation between the two variables. Both depend significantly on the 
seismic input, but the angular distortion can be significantly restrained increasing the slab 
stiffness. It is also worth noting that the dots representative of EI = 0 matches closely the 
curve proposed by Grant et al. (1974) that represent the upper bound of observation under 
static conditions. Multiple analyses, performed with different set of characteristics (e.g. soil 
relative density, layers thicknesses, foundation width etc.) have shown a limited influence 
of these factors on the β- wmax relation.

The second considered factor is the variability of subsoil properties, claimed by 
Ishihara and Yoshimine (1992) as one of the main causes of differential settlements. 
This issue has been investigated introducing in the above numerical model the spatial 
variability of relative density in the liquefiable soil layer and performing random field 
analyses (Fenton and Griffiths 2000). The definition of spatial variability requires an 
autocorrelation function, that reproduces the spatial dependency within relatively short 
distances, and a stochastic function characteristic of the spatially uncorrelated variabil-
ity, i.e. at larger distances. These functions have been derived from the investigation car-
ried out in Terre del Reno (Italy). Therefore, the spatially correlated variability has been 
modelled with an anisotropic exponential function having vertical autocorrelation dis-
tance equal to 0.77 m, found with a maximum likelihood criterion (Honjo and Kazumba 
2002) on the profiles of CPT tests (Fig. 5a); the horizontal autocorrelation distance has 
been given considering literature indications (Stuedlein et al. 2012) that suggest values 

Fig. 4   a Scheme adopted for the numerical calculation; and b angular distortion versus maximum settle-
ment for variable seismic input and flexural stiffness of the foundation raft
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variable between 2 and 5 m depending on the depositional history of the deposit. In the 
present case, the lower value (2.0 m) has been assumed for this distance to maximize 
subsoil heterogeneity and the distortional effects on the foundation. The random vari-
ability of relative density has been modelled assigning a lognormal probability function 
with mean equal to 0.36 based on the interpretation of CPT tests (Robertson and Wride 
1998; Idriss and Boulanger 2008) (Fig. 5a). The standard deviation found in this specific 
case is equal to 0.07, but this value has been parametrically varied in the future analyses 
for the sake of generality. Fields of relative density like the one depicted in Fig. 5b can 
be randomly generated with the local average subdivision method (Fenton and Griffiths 
2000) and considered as input for calculation of settlements.

The numerical analyses have been performed assigning random fields of relative density 
to the liquefiable layer in the liquefaction scheme of Fig. 4a, a 10 m wide slab with uniform 
unit load equal to q = 50 kPa. Nil flexural stiffness (EI = 0) has been assigned to the slab, 
to innfer the most conservative condition according to Fig. 4b, i.e. the one that amplifies 
differential settlements. As before, the seismic input has been assigned scaling times 0.7, 
1.0 and 1.6 the acceleration time history of May 22th event in Terre del Reno. The variabil-
ity of subsoil properties has been parametrically varied assigning different variation coef-
ficients to the log-normal random distribution (CV = 0.1, 0.2 and 0.3). These quantities, 
together with the low assumed values of autocorrelation distances, should provide con-
servative estimates of the differential settlement (see Stuedlein et al. 2012).

For each combination of factors, twenty random fields of relative density have been gen-
erated and subjected to the numerical calculation, this number has been chosen consider-
ing the time necessary for one calculation. Absolute and differential settlements have been 
estimated from the deformation of the slab as shown in the sketch of Fig. 6a. The plot of 
Fig. 6b readily shows that, in spite a large variation of settlements generated by seismic 
inputs of largely different intensity, a direct proportionality can be inferred between differ-
ential (δmax) and absolute (wmax) values.

Fig. 5   a Random field analysis: derivation of random and spatial variability models; and b an example of 
random field of relative density for the liquefiable layer
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Based on this observation, the following linear relation is adopted between these two 
variables:

Figure 6b shows the statistical distribution of the coefficient α, from which a normal dis-
tribution having mean value equal to 0.53 and standard deviation equal to 0.08 is inferred.

4 � Methodology

The above relations form the sequence of steps summarized in the flow chart of Fig. 7, con-
ceived to estimate losses on a portfolio of buildings. The procedure implies to identify and 
characterize each building with reference to the implemented calculation, i.e. determine the 
geographical coordinates of the centroid, its structural typology, extension and number of 
storeys, the latter necessary to identify the appropriate fragility function and estimate unit 
load. The subsoil is determined with the depth, width and relative soil density of the lique-
fiable layer, which implies processing all available investigation (boreholes, CPT profiles) 

(5)�max = � ⋅ wmax

Fig. 6   a Differential (δmax) versus absolute (wmax) settlements from the parametric random field analysis; 
and b statistical distribution of the coefficient α defined in Eq. (5)

Fig. 7   Flow chart for the estimate of losses on a building
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as described in Sect. 5.1.2. Conjugating this information with the base seismic input, the 
local seismic response can be analyzed at the building position to determine the parameters 
necessary for the further steps of the analysis. They consist in estimating the maximum 
absolute settlement of the building with Eq. (3), transform it into a differential settlement 
with Eq. (4), and computing the probability associate to each damage level with the proce-
dure described in Fig. 2 and Table 2. Finally, the estimate of losses can be obtained mul-
tiplying each of these probabilities with the cost associated to the corresponding damage 
level (Eq. 2). The damage computed on each building is a fraction MDR of the total demo-
lition/reconstruction cost.

Calculation can be performed for a selected seismic scenario, assigning the correspond-
ing seismic input, or for the entire lifecycles of the building. In this second case, the seis-
mic input must be defined in probabilistic terms, considering the seismic hazard of the 
area.

5 � Case study validation

The city of Christchurch, located in the Canterbury Region of the South Island of New 
Zealand, was repeatedly struck by earthquakes during the seismic sequence occurred in 
2010–2011 (Cubrinovski 2013). At that time the city had a population of about 375,000 
inhabitants and represented the second largest city of the country. The geological setup 
consists of recent alluvial deposits laid down by the Waimakariri River and fine marine 
sediments deposited on the coastal margin of the floodplain and in estuaries and lagoons. 
The Canterbury sequence (Christophersen et  al. 2013) generated thousands earthquakes, 
about six hundreds with moment magnitude Mw > 4 and two most noticeable events, the 
strongest one (Mw7.1) occurred in September 4th 2010 in Darfield, about forty kilometer 
far from Christchurch CBD, and a Mw6.2 aftershock occurred in February 22nd 2011 just 
below the city. Due to the vicinity, the consequences of the second event were particularly 
severe, with 185 fatalities and a diffuse devastation to dwellings and infrastructures. Lique-
faction played the major role causing the displacement of about 15,000 families, the tem-
porary abandonment of nearly 20,000, the demolition of 8000 buildings (including 70% of 
the building in the CBD) and the removal of 900,000 tons of liquefied soil (Tonkin & Tay-
lor 2013). In an area just outside the CBD, named “The Red Zone” after the earthquake, all 
buildings were completely damaged and subsequently demolished (Fig. 8). Diffuse losses 
have involved the community in a slow, tiring and still ongoing reconstruction process. 
Although not being the only event of such a size, the case of Christchurch is probably the 
most impressive example of liquefaction induced damage in an urban environment. The 
present study focuses on the evidences of liquefaction caused by the February 22nd 2011 
earthquake in the central part of the city. This area, highlighted in Fig. 8, includes the Cen-
tral Business District (CBD) and many reinforced concrete buildings that suffered damages 
of different severity.

5.1 � Creation of databases

The proposed methodology requires to collect and process data of different nature referring 
them to their geographical position, cross information and compute the different terms of 
damage and risk. Building typology and characteristics together with subsoil composition 
and properties for the city of Christchurch have, thus, been combined in a GIS platform to 
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predict damage with the scheme of Fig. 7 and compare estimates with the post-earthquake 
survey of buildings.

5.1.1 � Typology, characteristics and damage of buildings

The data on buildings have been recovered from the Canterbury Earthquake Building 
Assessment (CEBA) database (Lin et al. 2014, 2016). This database was developed based 
on post-earthquake data collected by Christchurch City Council (CCC), the Canterbury 
Earthquake Recovery Authority (CERA), and Tonkin and Taylor Limited (Lin et al. 2016) 
to quickly assess buildings health state and identify possible danger to the public safety. It 
provides several information on damaged buildings, including addresses, year of construc-
tion, structural attributes like typology, systems and construction material, current state 
of conservation, number of stories and fundamental period (Ty), peak ground and spectral 
acceleration (PGA, Sa(Ty)) plus other information (Fikri et al. 2018). About 10,777 dam-
aged buildings were documented in the CEBA database following the Canterbury earth-
quakes, of which 6062 were classified as residential (56%) and 3528 (33%) as commercial 
(Lin et al. 2016). The distribution of buildings over the territory (Fig. 9a, b) shows that the 
largest part consists of relatively light wooden structures (61%), with one or two storeys, a 
lower percentage (16%) is made of heavier masonry walls, while the remaining part con-
sists of reinforced concrete (21%) or steel frames (2%). While wooden buildings are dis-
tributed all over the city area, the reinforced concrete buildings are mainly concentrated in 
central part of the city, around the Christchurch CBD (Fig. 9c).

After each major earthquake event, a detailed survey of the damage occurred to land 
and dwellings was undertaken by teams of geotechnical engineers coordinated by the agen-
cies of the NZ Government. Maps of liquefaction-induced damage were produced to assess 
extent and severity of the surface effects. With regard to buildings, different types of dam-
age were observed, in a strict dependency with the structural typology: the damage on 
wooden buildings was mainly due to ground cracks and sand ejecta, with a negligible role 
of the building due its limited weight and weak foundation (Fig. 10a); the damage to taller 
reinforced concrete buildings was due to differential deformation occurred at the founda-
tion level, more heavily affected by the building presence (Fig. 10b).

Fig. 8   a Study area identification; b evolution of landscape in the red zone of Christchurch after the 2010–
2011 seismic sequence
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Fig. 9   Distribution of building typology in the city of Christchurch (a, b) and its CBD (c), from CEBA 
database

Fig. 10   a Type of damage on wooden; and b reinforced concrete buildings (from Cubrinovski et al. 2011c) 
(the yellow arrows in figure b represent the settlement distribution along the building)
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In the former case, field observations were categorized into three main classes accord-
ing to the quantity of ejected material observed on the ground surface and to the presence/
absence of cracks and lateral spreading. The map of land damage for the event of Febru-
ary 2011 (Fig. 11a) classifies the areas where no liquefaction was observed with blue and 
green color, the areas characterized by minor to moderate sand ejecta and cracks with yel-
low, and the areas affected by severe liquefaction, major cracks and lateral spreading with 
red. For completeness, the same classification after the September 2010 event is reported 
in Fig. 11b. Comparing these two plots it readily emerges that the Central Business Dis-
trict, that hosts the reinforced concrete buildings analyzed in the present study (see also 
Fig. 8), was not affected by the September 2010 earthquake, so an interaction between the 
two events seems unlikely. On the contrary, some overlapping of liquefied zones in the Red 
Zone may lead to suppose that the previous event could have increased the liquefaction 
susceptibility of the soil shaken by the second event. Actually, the effects of multiple earth-
quakes on the liquefaction susceptibility of soil are controversial and largely debated in the 
literature (Cubrinovski et al. 2011d; van Ballegooy et al. 2014). Considering the different 
distribution of evidences shown by Fig. 8 and the relatively limited subsidence recorded 
after the September 2010 event (https​://www.nzgd.org.nz/) this influence has been herein 
neglected and prediction for the earthquake of February 22nd 2011 has been performed 
independently from the past event.

Subsequently, another survey named Detailed Engineering Evaluation (DEE) was 
completed for business and multi-storeys residential buildings (Lin et al. 2014). Based on 
these reports, damage induced by liquefaction was classified as minor, moderate or major 
according to the criterion introduced by van Ballegooy et  al. (2014) that defines sever-
ity classes (Level: #1 minor, #2 moderate and #3 major) for different types of foundation 

Fig. 11   Liquefaction and Lateral Spreading Observations from Canterbury Geotechnical Database (2013). 
Map Layer CGD0300—retrieved on 22nd September 2016 from https​://cante​rbury​geote​chnic​aldat​abase​
.proje​ctorb​it.com/

https://www.nzgd.org.nz/
https://canterburygeotechnicaldatabase.projectorbit.com/
https://canterburygeotechnicaldatabase.projectorbit.com/
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damage (Fig. 12a). The map with classification of damage for the buildings of Christchurch 
is plotted in Fig. 12b.

5.1.2 � Subsoil composition and properties

The subsoil data used in the present analysis have been extracted from the New Zealand 
Geotechnical Database (NZGD-https​://www.nzgd.org.nz/). This database, initially known 
as the”Canterbury geotechnical Database”, was firstly promoted by the New Zealand Gov-
ernment through the Ministry of Business, Innovation and Employment (MBIE) and the 
Earthquake Commission (EQC) to assist the rebuilt of Christchurch, and interconnected 
with CEBA to encourage data sharing among public and private stakeholders. Then, its 
success among the scientific community and private companies determined its transforma-
tion into the New Zealand Geotechnical Database (NZGD) aiming at increasing the resil-
ience around New Zealand against natural disasters. As per May 2019, the NZGD database 
contained over 35,800 cone penetration tests, 18,700 boreholes, 1000 piezometers with 
accompanying groundwater monitoring records, 6000 laboratory test records (plus other 
data and maps) and it is constantly updated. In the present study, about 9000 Cone Penetra-
tion Test (CPT) profiles extending below 10 m depth from the ground surface have been 
considered uniformly distributed over the studied territory. Such an unprecedented den-
sity of territory coverage with subsoil data (Fig. 13a) enables to reconstruct with sufficient 
accuracy the distribution of the different variables over the territory. The database creation 
and processing has consisted in the following steps:

Fig. 12   a Damage survey criterion from van Ballegooy et al. (2014); and b mapping of the observed lique-
faction-induced building damage

https://www.nzgd.org.nz/
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Fig. 13   a Map of Christchurch with the position of CPT tests; b outlier test implemented for the filtering of 
inconsistent data based on the estimate of LSN; LSN (c) and LSN Standard error Maps (d) in the Central 
Business District
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•	 individual scrutiny of each CPT profile, homogenization to a standardized digital 
format in order to enable automatic processing and restitution of the analysis results 
on maps;

•	 filtering of inconsistent data from the considered dataset, with the boxplot test 
(Montgomery et al. 2012) explained in the previous Sect. 2.1. The sample test shown 
in Fig. 13b implies a direct comparison between measured and interpolated values 
of the representative variable, and the definition of a threshold for the exclusion of 
inconsistent data; in the present case, the tolerability criterion has been fixed consid-
ering the 25 and 75 percentiles of the error distribution (Q1 and Q3), the interquar-
tile range (IQR = Q3 − Q1) and discarding the data falling outside the interval (i.e. 
Q1 − 1.5*IQR; and Q3 + 1.5*IQR); this process led to discard about 400 samples over 
the total number of CPT profiles.

•	 estimate of the spatial distribution of variables in terms of mean values and standard 
errors. As an example, Fig. 13c shows the distribution of mean values and standard 
errors of the Liquefaction Severity Number LSN (van Ballegooy et al. 2014) com-
puted for the February 22nd, 2011 earthquake in the central area of the city.

The above database enables also to verify the applicability of models and to identify 
possible limitations of the performed analysis. In this specific case, the models adopted 
to evaluate absolute and differential settlements [e.g. Equations (3) and (5)], but also the 
empirical indicators foreseeing the effects of liquefaction (e.g. LSN), postulate a rela-
tively simple mechanism where liquefaction occurs in a unique layer underlying a non-
liquefiable crust. More complex effects, like those envisaged by Cubrinovski and van 
Ballegooy (2017), must on the contrary be expected for alternation of susceptible and 
non-susceptible layers. Therefore, the application of the above defined models to spe-
cific situation could result inappropriate and lead to significant errors. To exclude this 
issue, the equivalence of the subsoil profile derived from each CPT profile to a three-
layers model is verified with a criterion defined by Millen et al. (2019). This criterion 
identifies 22 equivalent soil profile (ESP) classes of different weakness, each identified 
by a combination of thicknesses of liquefiable layer, crust and average cyclic resistance 
ratio (CRR​—Boulanger and Idriss 2014) and measures the compliance of the subsoil 
profile with these classes computing a normed error. The application of this test to the 
total number of 8300 CPT shows intolerable normed errors (with an assumed thresh-
old equal to 0.15), i.e. the schematization with a three-layer model is unacceptable for 
a limited number of cases (106 profiles, about 1.2% of the total). These profiles are 
mostly distributed in the southern part of the city with just few spot-like exceptions in 
the other parts. This result suggests that the subsoil of Christchurch CBD can be reason-
ably assumed as adherent to the three-layers model (see Fig. 13a) and authorize to apply 
this schematization with enough confidence.

Additionally, the analysis of outlier shows that the information from CPT is largely 
consistent all above the territory, apart from a limited fraction of data reported with 
red dots in Fig. 13a. The nature of this inconsistency stems from small variation of the 
test results coupled with the implemented automatic processing that lead to misclassify 
some soil layers and obtain thicknesses of crust and liquefiable layers inconsistent with 
the local spatial distribution computed with kriging. This error could be corrected scru-
tinizing individually these CPT profiles but, considering the very big number of CPT 
available in the present study, all inconsistent profiles have been removed. In general, 
this measure has produced an improvement of the estimate certified by a lower standard 
error (Fig. 13c).
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5.2 � Estimate of damage on reinforced concrete buildings

With the above databases, the procedure illustrated in Fig. 7 has been implemented as fol-
lows to estimate the damage induced on the reinforced concrete buildings by liquefaction 
during the February 22nd 2011 earthquake:

•	 selection of reinforced concrete buildings resting on subsoil that can be outlined with a 
three-layer model;

•	 evaluate the absolute settlement wmax of each building with Eq. (3); the unit load Q is 
estimated multiplying the number of storeys times a load per unit area equal to 10 kPa 
(this value assumed as a summary of different loading contribution); Sa1 and CAVdp 
have been estimated considering the ground motion recordings within the Christchurch 
CBD (Bray and Macedo 2017);

•	 evaluate differential settlement as a function of the absolute settlement by using Eq. (5), 
where α is assumed to be equal to the median value (0.53) of the observed distribution 
(see Fig. 6);

•	 compute the probability associated to each damage level with the functions given in 
Fig. 2 and Table 2;

•	 compute the Mean Damage Rate (MDR) with the loss factors for each damage level 
expressed in Table 1.

Despite numerous assumption and approximation inherent in its definition, MDR has 
been here adopted as indicator of damage considering that it incorporates multiple factors 
such as the released seismic energy, subsoil and building characteristics. Looking at the 
global map of Fig. 14a, the buildings located in the western part of Christchurch assumes 
generally low MDR values (< 0.15), consistently with the limited seen effects of liquefac-
tion (Fig. 11). These values increase in the southern and eastern part of the CBD where 
subsoil becomes more susceptible. The information given by the map of Fig. 14b overlap 
quite closely with the distribution of LSN plotted in Fig. 13c. However, it is also seen that 
largely different values (< 0.15 and > 0.60) occur for buildings located at relatively small 
distance, i.e. in similar subsoil conditions. This result is dictated by the number of storeys, 

Fig. 14   MDR computed on reinforced concrete buildings for the Mw6.2 22nd February 2011 Earthquake: a 
general map of the city; and (b). enlargement in the CBD
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as taller buildings determine higher loads transferred to the foundation and are character-
ized by a higher vulnerability, in accordance with the lower median of the fragility function 
defined in Table 2.

5.3 � Validation

The effectiveness of prediction is seen comparing the estimated MDR (Fig.  14) with the 
damage observed after the February 22nd, 2011 event (Fig. 12) and evaluating the perfor-
mance of the method with a quantifying indicator. The method based on the Receiver Oper-
ating Curve—ROC (Kongar et al. 2015) is adopted with this aim. It compares prediction and 
observation in 2 × 2 contingency tables, classifying each occurrence as true positive (PP), 
true negative (NN), false positive (NP) and false negative (PN). Then, considering that the 
prediction outcomes (positive or negative) depend on the threshold assumed for the charac-
teristic variable, the method computes the true positive ratio (TPR, i.e. the fraction of posi-
tive events predicted as positive), and the false positive ratio (FPR, i.e. the fraction of nega-
tive events predicted as positive), for increasing threshold values and plots all values in the 
FPR-TPR plane like in the plot of Fig. 15. For a zero threshold, TPR and FPR are both equal 
to 1 (all events, positive or negative, are estimated as positive), then both variables tend to 
zero for increasing thresholds (at the maximum threshold all events, positive or negative, 
are predicted as negative). If the predictive method is valid and a well-defined threshold can 
be set, the curve will pass near the upper-left corner of the plot (FPR = 0–TPR = 1) which 
represent an ideal condition (all negative events are predicted as negative, all positive evens 
are predicted as positive). On the contrary, in the case of poor prediction, the curve will 
move along the plane bisecting the equality line (1:1), which means positive and negative 
events randomly predicted as positive or negative. With this representation, the extension 
of the Area Under the Curve (AUC) can be assumed as a proxy for the quality of prediction 
(1 means good, 0.5 poor). The optimal threshold, i.e. the decision value of the variable that 
defines the best separation between negative and positive events, can be computed as the 
one giving the maximum Matthews Correlation Coefficient (Matthews 1975):

where TP, TN, FT and FN are the numbers of respectively true positive, true negative, false 
positive and false negative occurrences. From a statistical viewpoint, MCC is proportional 

(6)MCC =
TPXTN − FPXFN

√
(TP + FP)(TP + FN)(TN + FP)(TN + FN)

Fig. 15   ROC curves evaluated by matching the predicted MDR to the liquefaction-induced damage on 
reinforced concrete buildings that underwent a minor, b moderate or c severe damage during the February 
22nd, 2011 earthquake
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to the Chi squared statistic for the 2 × 2 contingency table and its interpretation is like 
Pearson’s correlation coefficient, so it can be treated as a measure of the goodness-of-fit 
of a binary classification model (Powers 2011). It is noted that MCC considers success 
and failure of prediction (for both positive and negative occurrence) in the same way, i.e. 
without distinguishing the consequences of misprediction. To account for this issue, Mau-
rer et  al. (2015) propose to set the optimal decision thresholds evaluating the economic 
consequences of misprediction, i.e. multiplying the terms of eq. 6 with weighting factors. 
Despite this issue becomes relevant when risk assessment is preparatory for remediation of 
buildings, this logic has not been introduced in the present methodological analysis, i.e. the 
same weight has been given to all terms, to avoid subjective consideration on the cost of 
repair and remediation. With the same spirit the overall success and failure rates (OSR and 
OFR), defined respectively as the percentages of successful and unsuccessful prediction, 
have been here computed to evaluate the prediction performance.

The validation method has thus been applied to the reinforced concrete buildings of 
Christchurch, considering separately minor, moderate and severe damage as discrimi-
nating occurrence in accordance with the post seismic survey of buildings (Fig.  12). 
Observers may argue that a mismatch exists between the classification of damage used 
for prediction and damage survey. For prediction, Fotopoulou et al. (2018) define four 
classes of damage (Slight, Moderate, Extensive and Complete) in accordance with the 
criterium defined by Hazus (FEMA 2003). In the post-earthquake survey of damage at 
Christchurch, van Ballegooy et al. (2014) distinguished three classes (“Minor”,” Moder-
ate”, “Severe”). An option to eliminate this mismatch would be the removal of a damage 
class in prediction. To avoid such a subjective choice, prediction and validation have 
been performed separately, adopting MDR as predictive variable (it accounts for all four 
damage classes of damage in a probabilistic way) and relating MDR with the observed 
damage.

For each condition the area under the curve AUC (Fig. 15) and the values indicating 
the performance of prediction are reported in Table 3. These results indicate a variable 
capability of the proposed method to capture observation, being the ROC curves higher 
than the plane bisecting line, but with variable distances. The prediction is not particu-
larly exciting for minor damage level (Fig.  15a) possibly because of a subjective, not 
clearly and uniquely identifiable, recognition of injuries of buildings that smooths the 
border between positive and negative occurrences. However, when looking at the over-
all success of prediction, i.e. the percentage of correctly predicted cases, an OSR value 
equal to 68.5% is obtained even for this class. The quality of prediction increases notice-
ably with the damage level, which means that a stronger relation exists between MDR 
and damage, as confirmed by the increasingly higher values of the decision threshold 
and of the Overall Success Rate.

Table 3   Output of the Kongar et al. (2015) validation test for the prediction of damage on reinforced con-
crete buildings

Damage level AUC​ Optimal MDR 
threshold

TPR FNR TNR FPR OSR (%) OFR (%)

Minor 0.69 ≈ 0.2 0.46 0.54 0.77 0.23 68.5 31.5
Moderate 0.77 ≈ 0.3 0.75 0.25 0.84 0.14 83.4 16.6
Severe 0.89 ≈ 0.4 0.42 0.58 0.95 0.05 94.2 5.8
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5.3.1 � Estimate of damage and validation for wooden buildings

As shown in Fig. 10a, the vulnerability of light wooden dwellings of Christchurch is not 
much affected by the structural characteristics but mainly depends on the subsoil response. 
Damage on this building category can thus be strictly associated to the phenomena, sand 
ejecta and lateral spreading, induced by liquefaction at the ground level. Considering this 
premise, the validation test of Kongar et al. (2015) has been also applied to the wooden 
buildings assuming the empirical indicator of land damage LSN defined by van Ballegooy 
et al. (2014) as engineering demand parameter and deriving the damage level for each of 
them from the classification of Fig.  11. The results summarized in Fig.  16 and Table  4 
show a fairly good correlation between LSN and damage. The overall success rate of this 
prediction oscillates around 70% for all damage levels (basically two-third of the cases), in 
accordance with the outcomes reported by other authors (Kongar et al. 2015). The reason 
for misprediction could be sought in other factors not captured by the considered indica-
tor, like for instance the occurrence of two-dimensional conditions (e.g. local slope) that 
may aggravate damage (e.g. lateral spreading). However, it is important to observe that the 
decision thresholds, i.e. the values of LSN that maximizes MCC, increase with the damage 
level and for the minor damage assume a value similar to the threshold (= 10) suggested by 
van Ballegooy et al. (2014).

6 � Conclusion

The quantification of vulnerability is one of the most important yet delicate phases of the 
risk assessment process. For earthquakes induced liquefaction, vulnerability models imply 
to embrace seismic input, mechanical properties of subsoil and structure into a unique 
scheme that captures their mutual interaction. Numerical tools coupled with recently 

Fig. 16   ROC curves for wooden buildings

Table 4   Output of the Kongar et al. (2015) validation test for the prediction of damage on wooden buildings

Damage level AUC​ Optimal LSN 
threshold

TPR FNR TNR FPR OSR (%) OFR(%)

Minor 0.71 ≈ 13 0.85 0.15 0.40 0.60 72.5 27.5
Moderate 0.70 ≈ 20 0.64 0.36 0.65 0.35 64.4 35.6
Severe 0.67 ≈ 30 0.42 0.58 0.80 0.20 72.8 27.2
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constitutive models enable to simulate very accurately the role of each element concurring 
in the dynamic response of buildings founded on liquefiable soils. However, when dealing 
with territorial risk assessment, these models are hardly applicable basically due to the 
lack of information, and thus a simpler characterization of factors becomes necessary. The 
present paper has explored the applicability of a vulnerability scheme to the assessment 
of reinforced concrete buildings at the urban scale. In the attempt to trade off simplicity 
and accuracy, recent solutions offered in the literature have been combined in a sequen-
tial procedure articulated in the following steps: (1) Absolute settlements of buildings are 
estimated with a recent formula that incorporates the paramount factors inferring their role 
from a large number of numerical analyses; (2) Absolute settlements are then transformed 
into differential settlements, more indicative of damage, with a relation stemming from a 
parametric numerical calculation where the spatial variability of subsoil properties is prob-
abilistically reproduced; and (3) Differential settlements are finally used as engineering 
demand parameters of fragility functions quantifying the probability of damage for rein-
forced concrete buildings not specifically designed to resist seismic actions.

Being aware of the simplification and without pretending to be exhaustive, the proposed 
methodology introduces a robust logical structure to account for the most relevant factors 
contributing to building damage. Obviously, it is susceptible of improvement. For instance, 
the fragility curves of Table 2 are derived for buildings of fixed, although typical, array of 
columns and plan dimensions, while they have been applied to other building geometry. 
Additionally, the relation between differential and absolute settlements has been derived 
under simplified yet conservative assumptions, e.g. focusing on distortion and neglecting 
other possible causes of damage (e.g. tilting). Refinement should consist in the introduction 
of more pertinent schemes, e.g. a more detailed classification and characterization of build-
ings, more accurate calculation schemes for absolute and differential settlements.

However, the validity of the method has been tested on the case study of February 22nd 
2011 earthquake of Christchurch (New Zealand), exploiting a rich catalogue of buildings, 
the post-earthquake survey of damage and a very dense database of geotechnical inves-
tigations. A geostatistical methodology has been proposed to manage the uncertainty 
connected with the determination of subsoil properties, filtering inconsistent data and 
quantifying the variance inherent with estimate. The validation of model performed with 
a quantitative criterion has revealed that a correlation exists between prediction and evi-
dence, although with a variable degree of satisfaction. The Overall Success Rate, i.e. the 
fraction of successful prediction (damage or undamaged), is about two-thirds for the lower 
level and increases up to more than 90% or for the higher classes.

A similar analysis has been performed for the light wooden buildings present in the city, 
considering damage associated to subsoil failure only, i.e. without considering the struc-
tural characteristics, and adopting the liquefaction severity number LSN (van Ballegooy 
et al. 2014) as engineering demand parameter. The success rate of prediction in this case 
has been equal to about two-thirds for all considered damage levels.

In conclusion, the proposed vulnerability scheme addresses an important component of 
the holistic risk assessment procedure outlined in Fig. 1. One of the most immediate out-
comes of this scheme is the cost–benefit analyses anticipating possible mitigation strate-
gies, that can be accomplished coupling economic to physical damage and comparing the 
cost of mitigation on an annual basis (e.g. Hazus, FEMA 1998). The tools introduced in 
the analysis, e.g. the geostatistical assessment of subsoil properties, the fragility curves 
adopted to compute damage on buildings, the relation between differential and absolute 
settlements, incorporate a probabilistic quantification of the terms of Eq. (1). This develop-
ment has not been exploited in the present study as further consideration must be made on 
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the uncertainty connected with the different factors that rule the absolute settlements of 
buildings. However, a procedure to estimate uncertainty and combine all factors is a future 
goals of the present research.
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