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1 INTRODUCTION 
 
The work is part of the geotechnical characteriza-
tion, carried out for the design of water reservoir of 
the city of Monte Gordo, in Algarve (South of Por-
tugal), inserted in the water supply system. The 
study is focused on the liquefiability assessment of 
the soils, in a region where this seismic hazard is 
very high and the presence of important structures 
require under development rigorous characterization 
analyses according to the Eurocode 8 criteria. Monte 
Gordo is located in a very touristic region in Portu-
gal. Algarve is located near the E-W Eurasia-Africa 
plate boundary. It is characterized by a high seismic-
ity, with some important historical earth-quakes 
causing important damage and economical losses. 
Not only, this region has suffered the effects of large 
plate boundary events but also the impact of local 
near distance and onshore moderate earthquake 
sources – similar to what has been described in Am-
oroso et al. (2015). The seismic hazard evaluation 
and mitigation of risk of the area is therefore of great 
importance to the local populations and to the large 
number of tourists that visit the region. 

The liquefaction analysis was performed to esti-
mate the cyclic resistance ratio (CRR) from geotech-
nical characterization from in situ testes, and to 
compare its value to that of cyclic stress ratio (CSR).  
 

These two parameters were used to enable the de-
termination of the safety factor (FSliq) against lique-
faction and the liquefaction potential index (LPI). In 
addition, the potential liquefaction-induced ground 
settlements index (S) and the lateral displacement 
index (LDI) were estimated together with the lique-
faction severity number (LSN) in order to quantify 
the effects of liquefaction in the prospective damag-
es to the local infrastructures. From the geologic 
point of view, the area under scope is located in the 
sandy coast of Algarve and is represented by a se-
quence of eolic (dune) sands de-posited over a silty 
sand unit, which in turn covers a clay/marl unit with 
significant thickness (Figure 1). The evaluation of 
liquefaction risk was a fundamental issue of the 
global design, once the original idea was to place the 
water reservoir on a mat foundation. Moreover, all 
the pipe system around the structure runs nearby the 
surface in loose soils, which normally creates severe 
damage in their operationally when seismic events 
with a certain magnitude occur. 

2 SITE INVESTIGATIONS 

The site investigation program comprised four Pie-
zocone Tests, CPTu with, dissipation tests (CPTu1, 
CPTu2, CPTu3, CPTu4), down to 23 m depth, locat-
ed as presented in Figure 2. 
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Figure 1. Geological conditions of the local under investigation. 

 

 

Figure 2. Site investigation program. 

 
In Figure 3 the profiles of CPTu measured pa-

rameters are presented, namely the net cone re-
sistance qt, sleeve friction fs, and pore pressure u2, as 
well as the profile of the Soil Behaviour Index IC. 
The ground water table is located at the surface of 
the excavation, as provided by the CPTu tests. It 

should be noted that during the execution, CPTu 
tests attained a very stiff layer detected at 4.5 m be-
low the depth of excavation, which become impos-
sible to overcome. As a consequence, the layer was 
drilled with an auger down to 6.5 m and then CPTu 
tests were conducted from that depth. 

 

     
Figure 3 - CPTu results 
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3 LIQUEFIABILITY ASSESSMENT 

3.1 Liquefaction Safety Factor (FSliq) 

The liquefaction analyses were carried out according 
to the "simplified procedure" introduced by Seed and 
Idriss (1971), based on the comparison between an 
index of resistance of the soil in its state against liq-
uefaction triggering, due to reference seismic action, 
and an index of the cyclic action, defined by the cy-
clic stress ratio (CSR). That resistance to liquefac-
tion (cyclic resistance ratio CRR) can be derived by 
semi-empirical correlations to in situ tests results. 
The liquefaction safety factor FSliq is hereby de-
fined as the ratio between CRR and CSR. 

3.1.1 Cyclic Stress Ratio (CSR) 
The cyclic stress ratio CSR was estimated by Seed 
and Idriss (1971) formulation, evaluating the Magni-

tude Scaling Factor MSF and the shear stress reduc-
tion coefficient rd according to Idriss (1999). 

The peak horizontal acceleration amax was defined 
considering the two seismic reference actions con-
sidered in the Portuguese National Annex of the Eu-
rocode 8 (NP EN 1998-1 2010, NP EN 1998-5 
2010) for Monte Gordo region. The Seismic Action 
1 is characterized by earthquakes with offshore epi-
centers (far distance source), low predominant earth-
quake frequency, high magnitude and long duration, 
while the Seismic Action 2 refers to inland epicen-
ters (near distance source), high frequency predomi-
nant earthquake, moderate magnitude and short-
duration. Table 1 summarizes the parameters that 
identify the two seismic actions: seismic zone, return 
period TR, moment magnitude Mw, peak horizontal 
acceleration for stiff ground ag, and peak horizontal 
acceleration at the ground surface amax, estimated us-
ing a soil factor S based on ground type classifica-
tion of Monte Gordo site.

 

Table 1. Seismic actions at Monte Gordo site. 

 Seismic  

action 1 

Seismic  

action 2 

Seismic zone 
Return Period, TR (years) 
Moment magnitude, Mw 
Maximum acceleration of reference, agR (m/s2) 
Peak horizontal acceleration for stiff ground, ag (m/s2) 
Amplification factor, S 
Peak horizontal acceleration at the ground surface, amáx (g) 

1,3 
475 
7.4 
1.5 
1.5 

1.67 
0.25 

2,3 
475 
5.1 
1.7 
1.7 

1.61 
0.28 

  

3.1.2 Cyclic Resistance Ratio (CRR) 
The cyclic resistance ratio CRR can be evaluated us-
ing different geotechnical characterization approach-
es, namely from in-situ tests. From these, CPTu re-
sults have been explored with success, by well 
fundament approaches, such as those proposed by 
Robertson and Wride (1998), Youd and Idriss (2001) 
and Idriss and Boulanger (2004). At Monte Gordo 
test site CRR was derived from CPTu measurements, 
considering the relation between the normalized 
cone resistance Qtn,cs and the cyclic CRR-Qtn,cs estab-
lished by Robertson (2009). 

The ground water table was detected at the base 
of excavation at surface of the CPTu tests. 

3.2 Liquefaction Potential Index (LPI) 

According to Iwasaki et al. (1982) the Liquefaction 
Potential Index LPI was introduced to estimate the 
vulnerability of site to liquefaction effects, being an 
integral from the ground surface by 20 m depth of 
the following function: 


20

0
)()( dzzwzFLPI  (1) 

where z is the depth below ground surface, F(z) is a 
linear function of the liquefaction safety factor 
FSliq, and w(z) is a linear function of z. Iwasaki et 
al. (1982) defined four LPI ranges in liquefaction 
damage: (i) very low for LPI=0; (ii) low for 
0<LPI5; (iii) high for 5<LPI15; (iv) very high for 
LPI>15. 

3.3 Liquefaction Severity Number (LSN) 

The liquefaction severity number LSN is a parameter 
developed by Tonkin and Taylor (2013) for 2010-
2011 Canterbury earthquakes, in New Zealand, to 
quantify the highest damaging effects of the loss of 
sustainability due to liquefaction on shallow founda-
tions. LSN, as presented in Eq. (2), considers depth 
weighted calculated volumetric densification strain 
within soil layers, as a proxy for the severity of liq-
uefaction land damage likely at the ground surface: 

dz
z

LSN v
 

1000  (2) 

where z is the depth to the layer of interest below 
ground surface, and v is the calculated volumetric 
strain in the that layer. The integral is calculated, as 
for the LPI, for the first 20 m depth. Tonkin and 
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Taylor (2013) identified six LSN ranges for the liq-
uefaction land effects: 
(i)  little to no signs of liquefaction; minor effects, for 

0<LSN10; 
(ii)  minor signs of liquefaction, some sand boils, for 

10<LSN20; 
(iii) moderate signs of liquefaction, with sand boils 

and some structural damage, for 20<LSN30; 
(iv)  moderate to severe signs of liquefaction, settle-

ment can cause structural damage, for 
30<LSN40; 

(v)  major consequences of liquefaction, heave and 
collapse at the ground surface, lateral spreading, 
introducing differential settlement of structures, 
and failure of pipelines and other lines, for 
40<LSN50; 

(vi)  severe damage, extensive evidence of liquefac-
tion at surface, very high total and differential 
settlement affecting structures, damage to ser-
vices with loss of resilience of the populations, 
for LSN>50. 

 
Zhang et al. (2002) proposed that v can be obtained 
combining Qtn,cs for clean sand and the liquefaction 
safety factor FSliq, when FSliq<2. In addition, 
Zhang et al. (2002) also defined the potential lique-
faction induced ground settlements through the in-
dex S, as shown in Eq. (3), assuming that the volu-
metric strain is roughly equal to the vertical strain: 





j

i

ivi zS
1

  (3) 

where vi is the postliquefaction volumetric strain for 
the soil sublayer i, zi is the thickness of the sublay-
er i, and j is the number of soil sublayers. 

3.4 Lateral Displacement Index (LDI) 

An approach for estimating liquefaction induced lat-
eral displacement, the base of the very damaging 
consequences of lateral spreading was introduced by 
Zhang et al. (2004), defining the lateral displacement 
index LDI, as shown in Eq. (4): 


max

0
max

z

dzLDI   (4) 

where max is maximum cyclic shear strain, z is the 
depth below ground surface, and zmax is the maxi-
mum depth to which highly liquefiable layers, which 

means when a calculated value of FSliq<2.0. Ac-
cording to Seed (1979) and to Ishihara and Yo-
shimine (1992), max can be estimated in combina-
tion with the liquefaction safety factor FSliq and the 
relative density Dr. At Monte Gordo test site, Dr was 
evaluated from Robertson and Cabal (2012) for 
CPTu. 

4 RESULTS 

Table 2 summarizes the results of the liquefiability 
assessment performed at Monte Gordo site from the 
results obtained from the CPTu tests, represented in 
terms of LPI, LSN, S and LDI, as presented above in 
Eqs. (1), (2), (3) and (4), with CRR estimated from 
Robertson (2009). 

The liquefaction potential index, as well as the 
liquefaction severity number, recognizes high lique-
faction damage for Seismic Action 1 and low to high 
for Seismic Action 2. Postliquefaction vertical set-
tlements at the ground surface are also confined on 
average within 2.5 cm and 6 cm, while the lateral 
displacements can reach very high values, 30 cm to 
64 cm. The reason for this behaviour is mainly due 
to the very loose sands present in the first 2 meters 
below surface. LPI and LSN are in broad agreement, 
although LSN provides a higher vulnerability than 
LPI. The possibility of surface liquefaction can 
cause important damages to surface facilities, in the 
light of the reported for the Christchurch (New Zea-
land) earthquake of 2011, where more than 20,000 
residential houses and properties were damaged by 
liquefaction. In this case, a clear link between the 
severity of liquefaction and observed damage to the 
potable water network with 80% pipelines losing 
their serviceability resulting in a serious loss of resil-
ience of the populations, (Cubrinovki et al. 2012). 

Fig. 4 shows an example of the complete analysis 

performed for CPTu tests considering the Seismic 

Action 1, the most critical. These figures provide the 

profiles with depth of: (1) the soil behaviour type in-

dex, SBTn; (2) the parameter used in each case for 

evaluating CRR:Qtn,cs; (3) the CSR, divided by the 

MSF, compared to the reference value of CRR; (4) 

the liquefaction safety factor FSliq; and, (5) the liq-

uefaction potential index LPI. 

  
Table 2. Liquefiability assessment (Robertson 2009). 
















 




 





Test Seismic Action 1 Seismic Action 2 

LPI LSN S (cm) LDI (cm) LPI LSN S (cm) LDI 

CPTu-1 8.66 74.25 3.74 52.17 5.26 68.96 3.26 44.57 

CPTu-2 7.36 69.97 3.94 43.39 4.99 68.28 3.14 30.09 

CPTu-3 10.59 209.14 5.76 63.49 8.35 207.94 5.18 55.17 

CPTu-4 6.58 70.47 3.40 47.36 4.10 65.65 2.48 37.14 
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Fig. 5 presents the interpretated values of CPTu 
tests considering the Seismic Action 1 for the fol-
lowing parameters: (1) the corrected normal cone re-
sistance Qtn,cs for clean sand; (2) the relative density 

Dr; (3) index S for the potential liquefaction-induced 
ground settlements; (4) the lateral displacement in-
dex LDI; and, (5) the liquefaction severity number 
LSN. 

 

     
 

Figure 4. LPI estimations from CPTu tests, considering the Seismic Action 1. 

 

     
 
Figure 5 - S, LDI and LSN, estimations from CPTu tests, considering Seismic Action 1. 

 
It is clear that the critical conditions are concentrated 
in the most superficial layers, evidencing very high 
lateral spreading risk. This imposes countermeasures 
to avoid the prospective non-acceptable damages. 

5 CONCLUSIONS 

a) Liquefaction assessment from CPTu results re-

vealed a high superficial liquefaction vulnerability 

for the new water supply reservoir in Monte Gor-

do, Algarve, in the South of Portugal. 
b) The respective liquefaction vulnerability has 

shown that the condition is critical for the refer-
ence action associated to the Atlantice Ocean far 
distance seismic action. 

c) As a consequence, it was decided to improve the 
ground by densification through vibration tech-
niques, 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. 
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