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Abstract: Pyroclastic soils are widespread in the world. In particular, they cover a great part of
Campania, a densely populated country of Southern Italy, where some distinct volcanic centers are
present. In these soils, precipitations can trigger fast flow-like landslides causing destruction and loss
of human lives. The movement style, the high velocity and the long run-out of these landslides are an
indication of the occurrence, in the saturated soil mass, of mechanisms of undrained instability due to
the inability of soil to sustain the deviator stress related to the slope condition. This paper reports
the results of a wide experimental laboratory program carried out on a volcanic ash, which recently
has been the seat of a killer landslide, stressing the factors that govern the undrained response of
these materials.
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1. Foreword

Recent literature has widely documented the features of sudden and destructive fast flow-like
landslides, which are induced by precipitations or even by irrigation in unsaturated non-plastic granular
soils [1-3]. Based on field and laboratory investigations, agreement has been established around the
idea that such catastrophic events are due to a mechanical chain process characterized by saturation
increase due to rainwater infiltration, corresponding reduction of shear strength, volumetric collapse
and, near saturation, and undrained instability induced by building up of excess pore pressures [4-7].
Furthermore, it has been shown that it is possible, by distinguishing the gentle slopes from the
steep and very steep slopes, to explain the catastrophic flow-like landslides that periodically occur
in the volcanic ash deposits (Figure 1a), which mantle hills and mountains in the Campania Region,
Southern Italy [8-10]. In spite of that, most of the research until now has been addressed towards
the characterization of the mechanical and hydraulic properties of the soil in unsaturated conditions.
Conversely, this research is aimed at characterizing the soil behavior in saturated conditions.

The paper reports the results of a campaign of undrained triaxial tests on saturated specimens
of air-fall volcanic ash, which in 1999 was involved in a catastrophic flowslide causing huge damage
in Cervinara town located just at the foot of the mountain (Figure 1b,c). The experimental program
focuses on the role that stress history, stress path and void ratio play on the undrained strength of
these materials.
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Figure 1. (a) Location of Cervinara and other sites subjected to flow-like landslides; (b) the Cervinara
flowslide; (c) some effects of the landslide in the town.

2. General Features of Air-Fall Volcanic Ashes in Campania

Air-fall volcanic ashes cover a large part of Campania. Primary sloping deposits are generally
unsaturated and shallow (their depth does not exceed 2-3 m). The cohesive intercept due to suction
then plays a key role on the stability of slopes, which may present angles up to 50°, much higher than
the saturated friction angles of the soils. For this reason precipitations, which strongly affect suction
through rainwater infiltration, are a major trigger of landslides.

These geologically young materials may be classified as non-plastic silty sands (Figure 2).
A peculiar feature of them is the high void ratio. In fact, all available data regarding deposits present
at different sites located even tens of kilometers apart range between a minimum value of 1.8 up to 2.8
and more [11]: the values that have been measured on the Cervinara ash fall in the interval 2.1-2.8.
Interestingly, a high void ratio is a peculiarity of air-fall ashes that are present in any part of the world,
especially in tropical countries where 60% of soil deposits have a volcanic origin [12].
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Figure 2. The grain size of eight different deposits of air-fall volcanic ashes in Campania.

Through scanning electron microscopy (SEM) micrographs of samples of the Cervinara ash,
Lampitiello [13] showed that the sandy grains are coated by silty particles, which form a sort of “adhering
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dust”; moreover, chains of these fine particles can bridge the coarsest particles. The combination of
these features leads to a highly collapsible microfabric, which is fully revealed by the effects of loading
and of saturation.

However, due to the size and sharp edges of the sandy particles, these completely unbounded
cohesionless soils present quite a high friction angle. All data collected in the past on air-fall ashes from
most of the sites indicated in Figure 1a, show that the friction angle is seldom less than 34°, attaining
values up to 39° [14,15]. Values of 38-39° also characterize the Cervinara ash. Accounting for the high
void ratio of the material, such values correspond to the steady-state, or critical, friction angle.

In spite of the high frictional strength, these air-fall volcanic ashes often display a low undrained
strength at high strains due to the building up of high positive excess pore pressures. The mechanical
process leading to such a drop in deviator stress is generally referred to as undrained instability or,
more simply, liquefaction. This mostly depends on grain size and void ratio. As a matter of fact, Hunter
and Fell [16] show that the soils which are susceptible to liquefaction generally occupy the domain
of sands and of non-plastic silts, which is the same grain size of the air-fall volcanic ashes present in
Campania [11] (Figure 2). The second key factor which governs the susceptibility of soil to liquefaction
is void ratio, e. In fact, the mechanism of undrained instability can take place only in soils having a
void ratio located above the steady-state line (SSL) in the compression plane (e, logp’): as higher is
the void ratio as higher the susceptibility to liquefaction. Both factors, grain size and void ratio, in
conjunction with the low effective state of stress which characterizes the shallow pyroclastic covers,
allow classification of the air-fall volcanic ashes present in Campania in the category of liquefiable
materials [17,18].

Figure 3, which summarizes in the stress plane (g, p’) the results of undrained compressions
triaxial tests on undisturbed specimens having a void ratio higher than 2.0 retrieved from six different
sites [11], is quite clear about that. The figure also shows that all specimens attain their peak strength
well before reaching the SSL, then they undergo a continuous drop in deviatoric stress moving along
the SSL. However, due to the high excess pore pressure induced by shear, the ultimate undrained
strength may be much lower than the peak value, even though the mobilized (steady-state) friction
angle is quite high. These considerations will be resumed and commented in the following section.
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Figure 3. Results of undrained triaxial compression tests on undisturbed specimens of saturated air-fall
volcanic ashes from six different sites in Campania.

3. An Investigation on the Undrained Strength of the Cervinara Volcanic Ash

This section reports the results of a campaign of undrained triaxial tests on reconstituted specimens
of the Cervinara volcanic ash. In the following, first, the procedures adopted in the experimental
program are described, then the tests results are illustrated.
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3.1. Materials and Methods

Cervinara ash is a silty sand with 10-20% of non-plastic fine-grained content (Figure 2) and
an average diameter of grains, Dsg, of 0.55 mm. The specific weight G; is 2.61; and the uniformity
coefficient C (ratio Dgg/Dqg) is 22.

The experimental program focused on the influence of void ratio, stress history and stress-path
on the undrained soil strength. The specimens, having a diameter of 38 mm and a height of 76 mm,
were prepared by the moist-tamping technique [19] with initial saturation degrees, S;, and water
contents, w, ranging respectively between 28%-82% and 0.19-0.57 as reported in Table 1. Full saturation
was imposed by flushing the soil, first with CO,, then with de-aired water, until the attainment of a
Skempton’s pore pressure coefficient, B, higher than 95%. According to ASTM D4767 (ASTM 2002),
the maximum shearing rate imposed in the tests was always less than 0.9%/h.

Table 1. Experimental program.

Initial Conditions End of Consolidation
Type of Number  Stress-Path to
Test of Tests Failure Sr(%) w €0 € p'o (kPa) K
7 Compression 33-65 0.19-0.31 1.19-1.55 1.20-1.46 30-100 1.0
7 Compression 39-86 0.27-0.50  1.45-1.88  1.40-1.50 30-120 1.0
ClU < 6 Compression 45-81 0.29-0.50 1.67-1.72  1.50-1.60 50-150 1.0
- 8 Compression 50-72 0.32-0.57 1.68-1.93 1.60-1.70 60-180 1.0
5 Compression 65-76 0.48-0.50  1.74-2.0 1.70-1.85 30-80 1.0
3 Compression 50-59 0.39-0.48 2.09-2.14 >1.80 25-60 1.0
1 Extension 40 0.35 225 1.50-1.60 75 1.0
CIU_e 4 Extension 35-40 0.31-0.36  2.24-2.30 1.60-1.70 50-200 1.0
5 Extension 34-38 0.30-0.34 2.21-2.30 1.70-1.80 40-175 1.0
5 Compression 29-72 0.19-0.51 1.72-1.88 1.60-1.70 35-180 0.41-0.85
CAU_c 10 Compression 28-54 0.19-0.38 1.72-1.95 1.70-1.80 30-140 0.30-0.87
7 Compression 43-56 0.31-0.41 1.91-2.08 >1.80 40-90 0.33-0.54

The first part of the program (Table 1) consisted in triaxial compression tests on isotropically
(CIU_c) and anisotropically consolidated specimens (CAU_c) prepared at six different ranges of the
void ratio. In the CAU tests, different values of the stress ratio, K, between the radial and the axial
effective stress, were adopted. The second part of the program consisted in extension triaxial tests on
isotropically consolidated specimens (CIU_e in Table 1): these tests were carried out by decreasing the
axial stress by a strain-controlled procedure, until soil failure. In this case the specimens were prepared
at different values of the void ratio too. All experiments were carried out through a Bishop triaxial cell.

As shown in Table 1, the specimens were initially reconstituted at an initial void ratio, ey, ranging
between 1.2 and 2.3, then they were consolidated at mean effective pressures, p’, between 25 and
200 kPa. The values of the void ratio after consolidation comprised between 1.2 and 1.85. It has to
be noted that the experimental program covered quite low values of the consolidation pressure p’
(25-60 kPa) and high void ratios (¢ > 1.9) in order to investigate the soil behavior in the range of
typical field values.

3.2. Experimental Results and Interpretation

The results of all CIU_c tests are shown in Figure 4. In particular, Figure 4a reports in the g, p’
plane, the stress paths of all tests conducted on specimens displaying an unstable (brittle) behavior,
while Figure 4b reports the stress paths of specimens with a stable (ductile) response. The legend
indicates the void ratio attained at the end of the consolidation stage.

The figure shows that all specimens having a void ratio less than 1.5, for an effective consolidation
pressure ranging in the interval 30-100 kPa (Figure 4b), display a ductile response characterized by
a monotonic increase of the deviator stress. For higher values of e (Figure 4a), there is a transition
towards a brittle response due to generation of excess pore pressures: after having reached a peak, the
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soil cannot sustain the deviator stress which progressively reduces until the reaching of the steady
state condition which is represented by a practically unique straight line, the SSL, regardless of the
initial soil state. The slope, M, of the SSL is about 1.56, which corresponds to a friction angle of 38°. It is
worth mentioning that these results are very consistent with those, reported in Figure 3, obtained on
undisturbed specimens, sampled at different sites, which present a natural void ratio higher than 1.8.
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Figure 4. Results of triaxial compression tests on isotropically consolidated specimens (CIU_c tests) on
reconstituted specimens of Cervinara ash: (a) brittle response; (b) ductile response.

Another important aspect that emerges from the analysis of such data is that the peak strength is
mobilized before reaching the SSL, then the stress path moves to left, while the shear strength
is decreasing towards the SSL, approaching it under generally very low mean effective and
deviator stresses.

As indicated by Lade and Pradel [20], the envelope of the peak values of very loose granular soils
defines an apparently straight line, the so-called instability line (IL), which is located below the SSL.
This behavior is clearly shown also by the Cervinara ash-fall. Indeed, in Figure 5 the peak strength of
specimens having a void ratio comprised between 1.8-2.0 and between 1.5-1.6 is enveloped by two
distinct instability lines (IL; and IL; respectively in Figure 5). According to Chu and Leong [21], the
slope of the IL is inversely proportional to the void ratio of the soil at the end of consolidation. Hence,
also the width of the zone comprised between the SSL and the IL, the so-called Instability Region, is a
function of e: it is as lower in size as lower is the void ratio (Figure 5).
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Figure 5. Instability lines and instability regions of specimens with different void ratios.
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As anticipated above, part of the experimental program has been aimed at assessing the influence
of different stress histories on the soil response. For this reason, some tests have been carried out
on anisotropically consolidated specimens using stress ratios (K) comprising between 0.3 and 0.85.
The results, reported in Figure 6 as a function of the void ratio, are compared to those obtained in CIU_c
tests. In the figure, the initial state of stress, the peak and the steady state conditions are indicated by
dots. The comparison between CIU_c and CAU_c stress paths suggests that the specimens reach the
same steady-state conditions and that, for a given void ratio, the IL is the same regardless of the initial
stress conditions. Therefore, the slope of the IL depends on the void ratio at the end of consolidation.
In particular, for values of the void ratio of 1.8 or more, it corresponds to a mobilized friction angle
of only 29° or less, which is much lower than the steady-state friction angle. These data suggest that
sloping natural soil deposits, which after full saturation, were subjected to a state of stress falling in
this zone, might rapidly lose their shear strength as a result of any, even a small, disturbance.
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Figure 6. Stress paths of triaxial compression tests on anisotropically consolidated specimens (CAU_c)
and CIU_c tests having void ratios ranging between: (a) 1.8-2.0; (b) 1.7-1.8; (c) 1.6-1.7.

The last part of the experimental program, aimed at investigating the influence on the undrained
shear strength of the stress path to failure, consisted in undrained extension tests on isotropically
consolidated specimens (CIU_e, Table 1). The results of such tests are reported in Figures 7 and §;
in the latter figure they are compared to the results of the CIU_c series.
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Figure 8. Stress paths in compression and extension tests.

The figures highlight the following points:

200

7 of 10

e  due to the role of the intermediate principal stress, which in CIU_c tests is equal to the minor
principal stress and in CIU_e tests is equal to the major principal stress, the slope M, of the SSL in
the CIU_e tests is less than the slope M, in CIU_c tests. As shown in Figure 8, in this case the
difference between M, and M, is even higher than the theoretical value since the friction angle
measured in extension tests (', = 36°) is slightly less than the value obtained in compression

tests (¢’ = 38°);
instability lines result also from the stress paths obtained in triaxial extension tests; in this case

too, the slope of the IL depends on the void ratio.

Commenting on the results of similar data obtained by Ladd and Varallyay [22] on Boston Blue

Clay, Leroueil and Hight [23] stressed that, for the same initial consolidation stress, the value of p

7

at failure was similar regardless of the imposed stress path. Therefore, since the slope of the SSL in
the stress-plane evaluated in extension, M,, is lower than the corresponding in compression, M., the
undrained shear strength in extension should be lower than in compression. Based on Figure 8, the
same conclusions could be drawn also in the case at hand; in particular, accounting for the different
friction angle, the ratio between the undrained strength in extension and in compression should be:

M,  6sing, 3-—sing,

= =0.63
M. 34sing, 6sing,

)
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In a landslide soil mass, depending on the selected point along the slope, type of movement,
interaction between soil mass and constraint (bedrock, etc.), the stress paths to failure can be very
different from each other and can significantly differ from those applied in compression triaxial
tests [24]. This should be kept in mind when analyzing problems of failure in undrained conditions,
not trusting exclusively in the value that is provided by “ordinary” triaxial compression tests if the
shear strength in extension is lower than in compression.

The results of all tests, including those obtained on undisturbed samples (Figure 3), have been
plotted in the compression plane too (Figure 9), where the ICL (isotropic consolidation line) of the soil
has been reported also [11]. As is well known, a prediction of the soil response (ductile or brittle) to
undrained shearing may be obtained accounting for the position of the point that represents the initial
soil state, with respect to the SSL.

The experimental results show that the SSL of the Cervinara ash is unique, regardless of the type
of test. Also, by contrast with results obtained by other scholars on sands [25,26] at least for the selected
values of the mean effective stress, the SSL in the compression plane is a straight line.

As shown, the scatter of void ratios for the same value of p” comprises the range +/-0.1. This
might be due to different causes, such as the difficulty in reproducing the same grain size for each
specimen and errors in the reconstitution technique or in the measurement of the void ratio.
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Figure 9. Steady state conditions of the specimens of Cervinara ash in the compression plane.

A useful conclusion which may be drawn from such data is that, for effective confining stresses
comparable to the average values which would be operative in the field after full saturation (i.e., for
covers of 2-3 m of thickness and stresses up to 3045 kPa), the threshold of the void ratio above which
the undrained soil response is brittle is 1.55-1.65 (Figure 9). As discussed above, the natural void ratio
of air-fall volcanic ashes in Campania is generally higher than such values and this is consistent with
historic data about landslides in these materials, which are generally of the flow type [27,28].

4. Conclusions

A wide area of Campania is mantled by unsaturated pyroclastic soils, which are stable even on
steep slopes thanks to suction. However, experience shows that intense and prolonged precipitations
can trigger landslides, which often turn into large and destructive flows [29,30]. Mechanisms of
undrained instability due to the build up of high positive excess pore pressures have been recognized
to be the cause of such events.
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An experimental program consisting in undrained triaxial tests on saturated specimens
isotropically and anisotropically consolidated at different values of the void ratio demonstrates
that soil specimens having a void ratio similar to the field value display a brittle response causing a
significant drop in deviator stress: the position of the SSL in the compression plane may be used as a
discriminator of the expected soil response.

The tests also allowed an instability region to be recognized, located between the SSL and the
so called instability line. The slope of the latter depends on the void ratio of the soil being inversely
proportional to it. This suggests that sloping natural soil deposits subjected to a natural state of
stress falling in this zone may rapidly lose their shear strength as a result of any disturbance, such as
vibrations, impacts, local failures, turning into rapid and destructive flow-like landslides.

Finally, the experimental program has shown that the undrained strength in extension tests is
even less than the undrained strength in ordinary compression tests, highlighting the influence of the
stress-path on the mechanical response to failure.
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