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ABSTRACT 

 

A significant part of the Portuguese population lives near the sea or large rivers, where recent sandy 

deposits are frequently present. Considering that Portugal is a seismically active region, earthquake-

induced liquefaction is a major threat. In fact, this destructive phenomenon has been observed in the past 

as a result of the most destructive earthquakes that struck Portugal, including but not limited to the Great 

1755 Lisbon earthquake. Coimbra region includes various deep deposits of relatively loose sand where 

major infrastructures are built, which are susceptible to liquefaction. In order to improve current 

understanding on liquefaction and to provide experimental evidence of the response of Coimbra sand to 

triaxial monotonic and cyclic loading, an experimental programme was initiated at the University of 

Coimbra focussing on the behaviour of a selected fraction of this sand. This paper describes the main 

physical properties of the artificial sand tested in loose and dense conditions. The sand response to 

compression and extension monotonic loading in a triaxial stress-path cell is also highlighted. Finally, the 

behaviour of the sand fraction tested under cyclic triaxial loading inducing liquefaction is discussed, 

namely in terms of the consequences of singular large loading peaks. The behaviour of samples prepared 

with different relative densities by means of dry air pluviation is discussed with respect to the monotonic 

and cyclic responses. The experimental data obtained presents a preliminary contribution to the 

understanding of the basic behaviour of liquefiable sands existing in deposits similar to those found in the 

Portuguese region of Coimbra. 
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INTRODUCTION 

 

A significant part of the Portuguese population lives near the sea and/or large rivers, many buildings and 

infrastructures being built on thick sandy deposits that are frequently found in those areas. Considering 

that Portugal is a seismically active region, earthquake-induced liquefaction is obviously a major threat. 

In fact, this destructive phenomenon has been observed in the past as a result of the most devastating 

earthquakes that struck Portugal, including but not limited to the tragic Great 1755 Lisbon earthquake. 

The central region of Coimbra boasts various deposits of relatively loose sand that are prone to 

earthquake-induced liquefaction, as reported in the past following significant seismic events. Improving 

our understanding on the behaviour of these deposits under seismic loading is crucial to ensure adequate 

safety for persons and property in future earthquakes. This concern is at present much more important 
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than in the past, not only because society is currently much less tolerant to the consequences of natural 

disasters but especially because of the large infrastructure development that was recently accomplished or 

is planned to be carried out in the near future in potentially liquefiable deposits that can be found in the 

region of Coimbra. 

In order to improve current understanding on the behaviour of the sandy deposits in the region of 

Coimbra, namely with respect to its resistance to cyclic-induced liquefaction, a research project was 

recently established at the Department of Civil Engineering of the University of Coimbra. This includes a 

detailed experimental programme, to be carried out in the laboratory, focussing on the behaviour of a 

selected fraction of this sand, in order to provide experimental evidence of the response of Coimbra sand 

to triaxial monotonic and cyclic loading. This paper describes the main physical and identification 

properties of the sand fraction tested and relate these with the properties of comparable liquefiable 

materials. The paper also highlights the response of samples of this sand, prepared by dry air-pluviation 

and exhibiting different relative densities, when subjected to compression and extension monotonic 

loading in a triaxial stress-path cell. Finally, the behaviour of the sand fraction tested under triaxial cyclic 

loading causing liquefaction is discussed. The experimental data obtained presents a preliminary 

contribution to the understanding of the behaviour of liquefiable Coimbra sand and demonstrates that the 

tested samples are susceptible to earthquake-induced liquefaction, especially when deposited in a loose 

condition. Considering that this sand exists in natural recent deposits in a fairly loose condition, the 

possible effects of seismic liquefaction should not be neglected in future large infrastructure 

developments in Coimbra region. 

LIQUEFACTION SUSCEPTIBILITY IN COIMBRA REGION 

 

Portugal, as many other southern European countries, is a seismically active area, as history as brutally 

proved in 1755, with the Great Lisbon Earthquake, and other significant seismic events that affected the 

territory along the centuries. Earthquake-induced liquefaction is one of the most destructive phenomena 

that can affect human society, one of its earliest descriptions in the Western World being produced on the 

aftermath of the darkest day in the Portuguese capital by Rev. Charles Davy, a survivor of the disaster 

(Tappan, 1914). Coimbra region is also prone to the effects of this devastating natural disaster, as 

different criteria suggest. 

Historical criterion 

A remarkable fact that results from the observation of historical seismic events, including some of the 

most recent ones, is that liquefaction often recurs at the same sites, in subsequent earthquakes, if the 

ground is not improved by some type of liquefaction mitigation method (Youd, 1984, O’Rourke and 

Pease, 1992, Wakamatsu et al, 2005). The Wildlife site, California, where liquefaction was observed 

during the 1930, 1950, 1957, 1979, and 1981 Imperial Valley earthquakes, provides clear evidence of this 

(Youd and Wieczorek, 1984). Therefore, the so-called historical criterion, which has also been expounded 

in centrifuge experiments (Coelho, 2007), is a useful indicator of liquefaction susceptibility of a certain 

deposit. 

Jorge and Vieira (1997) identify Portuguese sites which, based on historic reports, may have undergone 

the effects of earthquake-induced liquefaction during past seismic events (Figure 1.a). The phenomenon 

has apparently been observed in the past mostly along the western and southern coasts, especially in the 

region between Lisbon and Porto and in Algarve. The fact that these sites coincide with the most 

populated areas (Figure 1.b) reveals the importance of the phenomenon for the Portuguese territory. In the 

region of Coimbra, which has a significant population and where major infrastructures currently exist or 

are planned to be built in the near future, liquefaction was observed in the past in various locations with a 
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significant degree of certainty. This fact highlights the importance of earthquake-induced liquefaction for 

the region of Coimbra based on the historical criterion. 

  
a) liquefaction in past earthquakes in Portugal 

(Jorge and Vieira,1997 ) 

b) distribution of the Portuguese population 

(Ferreira, 2000) 

Figure 1. Liquefaction occurrences in Portugal and its relation with the population distribution 

 

Geological, compositional and hydrological criteria 

In terms of geological, compositional and hydrological criteria, current understanding is that earthquake-

induced liquefaction affects mostly deposits with particular characteristics. Recent and relatively loose 

deposits of saturated cohesionless materials are the most susceptible to liquefaction effects, a grain size 

distribution range of potentially liquefiable sands being proposed by Tsuchida (1970). However, field and 

laboratory evidence suggests that liquefaction can occur in a much broader range of materials, including 

gravels and silty soils (Ishihara, 1985). In natural deposits, vulnerability increases when the particles are 

rounded and sorted according to their size as a result of the geological processes involved in the grains 

transportation and deposition. Consequently, fluvial and eolian deposits are particularly vulnerable to 

earthquake-induced liquefaction. 

Liquefaction in Portugal was in fact observed in the past fundamentally in deposits formed in the alluvial 

plains of the largest rivers in Portugal, namely those located South of Porto (Figure 2.a). This results from 

the fact that these deposits are recent and formed from the deposition of sediments transported by the 

rivers, often containing layers of fairly clean and uniform sand with variable thickness and extent. The 

fact that the water table is shallow in these deposits creates the conditions for seismic liquefaction to 

occur. The region of Coimbra is crossed by Mondego River, the largest river flowing wholly in Portugal. 

Mondego and its affluents created significant alluvial deposits in the southern areas of Coimbra city 
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(light-coloured areas in Figure 2.b) and extensive and thick alluvial deposits in the region between 

Coimbra and the western coast (light-coloured areas in Figure 2.c). These deposits present the 

hydrological and geological conditions for liquefaction to occur as a result of seismic events. 

  

a) major rivers in Portugal b) geological map of the southern areas of 

Coimbra city (Ferreira Soares, 2005) 

 

c) geological map of the region around Mondego River between Coimbra city and the western 

coast (adapted from Oliveira et al, 1992) 

Coimbra region 
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Figure 2. Hydrological and geological conditions of Portugal, in particular the region around 

Coimbra near Mondego river 

 

CHARACTERISTICS OF SELECTED COIMBRA SAND 

 

Considering the importance of earthquake-induced liquefaction in the region of Coimbra, a research 

project focusing on that problem has recently started. In order to produce a preliminary description of the 

behaviour of the sand found in the region, the initial experiments were carried out at the Geotechnical 

Lab of the University of Coimbra on samples of artificial sand prepared from natural sand obtained from 

the alluvial deposits of Mondego River. Samples were prepared using the dry air pluviation technique, 

given that that this methodology produces samples with a wide range of densities and limited variability. 

Selection criteria 

The artificial sand tested represents the natural sand found in different locations in the region of Coimbra, 

namely where liquefaction was observed in the past, and was selected according to the following criteria: 

•  relatively uniform grain size distribution, in order to ensure that no significant segregation occurs 

during sample preparation; 

•  sand grains with comparable properties and collected from local deposits, to generate similar 

samples representing local geological conditions; 

•  relatively fine sand grains, in order to minimize the detrimental scale effects that may influence the 

behaviour of fairly small samples in element tests, namely in the stress-path-cell. 

Sample preparation 

The samples tested were prepared by dry air pluviation of artificial sand, which was obtained from natural 

sand found in the region. The natural sand was initially washed to remove fine and organic sediments 

from the soil and only the grains having dimensions between ASTM sieves nº 40 and 100 were selected. 

Figure 3 compares the grain size distribution of the selected artificial sand with the boundaries proposed 

by Tsuchida (1970) to identify liquefiable soils. The selected sand used in the tests is a fine and fairly 

uniform sand plotting inside the limits for most liquefiable soils, making it susceptible to liquefaction. 

This also facilitates the preparation of uniform samples of small size without significant scale-effects. 

Grain size distribution of Coimbra sand  
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Figure 3. Grain size distribution of Coimbra Sand used in the experiments compared to the limits 

of liquefiable sand proposed by Tsuchida (1970) 

Table 1. Basic properties of Coimbra sand 

G 
Dry unit weight- γd (kN/m

3
) Void ratio- e 

minimum
(1)

 maximum
(2)

 minimum
(2)

 maximum
(1)

 

2.65 14.40 17.58 0.48 0.81 
(1)

 “loosest” condition according to ASTM D 4254-00;
 (2)

 “densest” condition according to ASTM D 4253-00 

 

Basic properties 

The selected artificial sand tested, herein termed Coimbra Sand, is mostly composed of silica grains. The 

basic physical properties of the sand are shown in Table 1. 

Samples of varying relative densities were prepared using different flow rates. Samples with a relative 

density close to 20 %, herein termed as loose samples, and samples with a relative density close to 80 %, 

herein designated as dense samples, were tested to observe the influence of the relative density on the 

behaviour of the sand. The permeability coefficient was measured, on average, between 2.60x10-4 m/s, for 

the loose samples, and 2.41x10
-4

 m/s, for the dense samples. 

MONOTONIC BEHAVIOUR OF COIMBRA SAND 

 

The monotonic behaviour of Coimbra Sand was investigated in a triaxial cell, imposing both compression 

and extension paths, in undrained conditions, to isotropically-consolidated samples. The number and type 

of monotonic triaxial tests performed as part of this research are listed in Table 2. 

Monotonic compression 

The response of Coimbra Sand to monotonic compression loading is shown in Figure 4, which illustrates 

the behaviour of loose and dense samples under two different effective consolidation stresses. 

In loose samples (Figure 4.a), a pronounced peak of resistance is observed irrespective of the 

consolidation effective stress. Despite the significant post-peak reduction of strength exhibited by both 

samples tested, no full collapse is observed under continuous shearing, the sand progressively regaining 

its strength after deforming significantly under constant shear loading. This behaviour is consistent with 
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the concept of flow liquefaction with limited deformation described by Robertson et al (1994). With 

respect to the effective stress-paths exhibited by the samples under undrained monotonic triaxial 

compression, the reduction in average effective stress in the sample is very significant. In the case of the 

sample consolidated under lower effective stresses, the effective stress degradation is so large that the 

sample deforms under close-to-zero shear stress until regaining strength for axial strains as large as 8%. 

Also, for large strains, both samples tend to follow a similar line in the p’-q plane corresponding to a 

friction angle close to 32º. 

Table 2. Identification of undrained monotonic triaxial tests carried out on Coimbra sand 

Test 
Monotonic stress path 

(undrained) 
Sample relative density 

(%) 
Effective stress at 

consolidation (kPa) 

UTMC20/50 Compression 20 (loose) 50 

UTMC20/400 Compression 20 (loose) 400 

UTMC80/50 Compression 80 (dense) 50 

UTMC80/400 Compression 80 (dense) 400 

UTME20/50 Extension 20 (loose) 50 

UTME20/200 Extension 20 (loose) 200 

UTME80/50 Extension 80 (dense) 50 

UTME80/200 Extension 80 (dense) 200 
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Figure 4. Undrained triaxial monotonic compression tests on loose and dense samples of Coimbra 

Sand consolidated under different stress levels (Santos, 2009) 

 

In dense samples (Figure 4.b), as expected, the behaviour under monotonic triaxial compression is very 

different. In fact, the sand tends to dilate almost from the beginning of shearing, especially under low 

consolidation stress, and, as deformations progress, the strength increases considerably. For large strains, 

the linear stress path followed by both samples is similar and corresponds to a friction angle of about 38º. 

Monotonic extension 

Figure 5 illustrates the response of Coimbra Sand to monotonic triaxial extension for loose and dense 

samples under two different effective consolidation stresses. 

Both in loose (Figure 5.a) and dense (Figure 5.b) samples the behaviour observed is similar to that 

described for monotonic compression. However, the post-peak increase in shear resistance observed in 

loose samples is much less pronounced in triaxial extension than in triaxial compression. In the case of 

dense samples, the most significant distinctive feature in triaxial extension is the influence of the effective 

consolidation stress, namely in the effective stress-path of dense samples consolidated under large 

effective stresses. The effective stress-paths followed in triaxial extension at large strains correspond to 

friction angles higher than in compression and close to 34º and 45º, for loose and dense sand respectively. 
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Figure 5. Undrained triaxial monotonic extension tests on loose and dense samples of Coimbra 

Sand consolidated under different stress levels (Cunha, 2010) 

 

CYCLIC BEHAVIOUR OF COIMBRA SAND 

 

The undrained cyclic triaxial behaviour of Coimbra sand (Figures 6 and 7) confirms the tendency of the 

sand to generate large excess-pore-pressure leading to liquefaction, even if the cyclic loading imposed is 

moderate, especially when the sample is in a loose condition. Even if cyclic triaxial tests are usually 

carried out with constant amplitude, in these tests a cyclic q-value of ± 10 kPa was using during the first 

cycles and a single peak about four times larger was applied at a certain stage. The tests were performed 

on loose and dense samples consolidated under an effective stress of around 50 kPa.  

In the loose sample (Figure 6), the first constant loading cycles cause a relatively slow but progressive 

increase in excess-pore-pressure. On the other hand, the singular peak causes a sudden increase in excess-

pore-pressure that rapidly leads to liquefaction, here considered as the point of near-zero effective 

stresses. In addition to the large degradation observed in the effective stress installed in the sample, the 

stress-strain response of the sand to cyclic loading clearly shows the significant reduction in sand 

stiffness. In fact, even if the singular peak occurs when the effective stress reduction is still limited, 4 

loading cycles are enough to cause peak-to-peak axial strains close to 8%. 
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Figure 6. Stress-path and stress-strain response of a loose sample of Coimbra sand under 

undrained cyclic triaxial loading including a singular peak 
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Figure 7. Stress-path and stress-strain response of a dense sample of Coimbra sand under 

undrained cyclic triaxial loading including a singular peak  

In contrast, the behaviour of the dense sample is considerably distinct (Figure 7). Actually, even if the 

singular peak occurs when the effective stress reduction is already significant, due to a large number of 

loading cycles imposed to the sample, the resulting increase in excess-pore-pressure is limited. In 

addition, as the cyclic loading returns to its normal value, the sample regains its strength and a very 

significant number of loading cycles is required before the sample liquefies. Moreover, the stress-strain 

response of the sand to cyclic loading clearly shows that the reduction in sand stiffness is much more 

limited in the case of dense sand. In reality, 85 loading cycles after the singular loading peak are required 

before peak-to-peak axial strains reach about 3%. 

CONCLUSIONS 

 

The region of Coimbra, in Portugal, is susceptible to the effects of earthquake-induced liquefaction, as 

historical seismic events have demonstrated in various locations. Elements tests carried out on artificial 

sand representing local deposits, herein termed Coimbra Sand, show that: 

•  the undrained monotonic behaviour of loose sand under triaxial compression, which exhibits flow 

liquefaction with limited deformation, is typical of liquefiable soils, dense sand responding much 

differently under similar conditions; 

•  the undrained monotonic behaviour of the sand under triaxial extension is comparable to the 

response of the sand to monotonic compression, although stiffness degradation tends to be more 

pronounced in extension; 

•  cyclic triaxial tests confirm the tendency for Coimbra Sand to liquefy, even under limited cyclic 

loading, if the sand is in a loose condition; 
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•  the existence of a singular loading peak in a regular cyclic loading sequence seems to affect 

considerably the response of loose sand, while dense sand seems to resist much better to this kind of 

atypical loading pattern. 

Future research in this project will clarify other characteristics of the behaviour of Coimbra Sand under 

cyclic loading, namely under the effects of irregular cyclic loading. 
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